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1. List of Acronyms

Acronyms used in this Manual are shown in Table 1 below.

2D
3C
3D
BB
BRDF
CPU
DHR
EE
FOV
GB
GUI

MB
MCRT
MS
0OS
PC

PR
PSO
RAM
RT
SDHR
S
SP3
SPR
VC

Table 1. Acronyms used in this Manual.

Two-Dimensional

Three-Component (BRDF model)
Three-Dimensional

Blackbody

Bidirectional Reflectance Distribution Function
Central Processing Unit
Directional-Hemispherical Reflectance
Effective Emissivity

Field-of-View

Gigabyte

Graphical User Interface

Kelvin (the basic Sl unit of thermodynamic temperature)
Megabyte

Monte Carlo Ray Tracing

Microsoft

Operating System

Personal Computer

Partial Reflectance

Particle Swarm Optimization

Random-Access Memory

Radiance Temperature

Spectral Directional-Hemispherical Reflectance
International System of Units (from French: Le Systéme international d'unités)
Service Pack 3

Spectral Partial Reflectance

Viewing Conditions
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2. Introduction

The program INCA333 working under OS MS Windows~ XP (with the SP3) ,Vista, 7, and 8 (in compatibility
mode) is intended for numerical modeling of spectral radiation characteristics of isothermal and non-
isothermal blackbody cylindrical cavities with inclined (tilted, slant) flat bottom and uses the three-
component (3C) BRDF model [1, 2].

A cylinder with an inclined flat bottom and a flat annular diaphragm is the cavity shape which is widely
used in optical radiometry and radiation thermometry as blackbody calibration sources [3—8] on parity
with cylindrical cavity having outward or inward conical bottom. Both conical and tilted flat bottoms
serve to prevent decrease in effective emissivity if the cavity internal surface has significant specular
reflection that usually becomes predominant in the IR spectral range. However, a cylindrical cavity with
a tilted flat bottom has an inarguable advantage in the simplicity of cavity fabrication and treatment of
its internal surface. The European Standard [9] prescribes, among others, this shape for blackbody
radiation sources intended for calibration of clinical ear thermometers.

INCA333 is applicable to design optimization, performance assessment, and metrological certification of
blackbodies (BBs) used as standard reference sources in radiation thermometry (pyrometry),
radiometry, photometry, for of optical sensors calibrations (e.g., in remote sensing), etc. According to
the Kirchhoff law and the optical reciprocity principle, results obtained for effective emissivity of
isothermal cavities can be also used for effective absorptivity of cavity detectors (including cryogenic) of
optical radiation [10-12].

The program is based on the proprietary algorithm of the Monte Carlo ray tracing method (MCRT)
implemented for a cylindrical cavity with an inclined flat bottom and a flat annular diaphragm,
isothermal and nonisothermal, with arbitrary axial temperature distributions. The algorithm allows
modeling the most common viewing conditions of such cavities. The different 3C BRDF models can be
used for optical properties of each surface forming the cavity.

INCA333 allows employing experimentally determined optical properties of cavity wall. Initial
experimental data are
1) BRDF measured in the plane of incidence at one wavelength A, for up to 6 incidence angles.
Measurements of BRDF require special equipment (see Refs. [13-31]).
2) Spectral directional-hemispherical reflectance (SDHR) measured at one incidence angle within a
wavelength range [21,/12] which includes the wavelength A, . Usually, these measurements can

be conducted using conventional reflectometric accessories such as integrating spheres (see,
e.g., [32-35]).

If experimental data are unavailable, INCA333 allows building a priori reflection models to perform
parametric studies.
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The minimal requirements for hardware and software are the following:
e CPU frequency 1.66 GHz
e Screen resolution 1600x 1024

e RAM 3GB

e Hard disk space 15 MB

e Video card 1 GB video RAM; OpenGL 2 compatible

e OS MS Windows XP (with the SP3), Vista, 7, and 8 (in compatibility mode)
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3. Theory basics

3.1. Definitions of Principal Quantities

A source of optical radiation whose radiation characteristics can be calculated on the basis of
fundamental physical laws makes possible calibration of radiometers, spectroradiometers, radiation
thermometers, etc. From theoretical point of view, a perfect blackbody (BB) is the most suitable object
for this purpose. If its thermodynamic temperature is known, spectral characteristics of BB radiation at
any wavelength can be computed with the help of Planck’s law. However, a perfect BB is a physical
abstraction that does not exist in real world. The perfect BB conditions are approximately realized inside
an isothermal cavity with opaque walls. The radiation escaping cavity through a tiny opening imitates BB
radiation very closely. In order to employ a BB as a standard reference source for optical radiometry and
radiation thermometry, it is necessary to know how large are differences between radiation
characteristics of a cavity and those of a perfect blackbody due to cavity geometrical parameters, optical
properties of the wall material, and actual temperatures of cavity walls.

There are two different objects referred in literature as “blackbody”:

1. Atheoretical object that completely absorbs all radiant energy incident upon it. A BB emits
maximal amount of radiant energy at given wavelength and given temperature in comparison
with all other radiating bodies.

2. An artificial source of optical radiation designed to simulate characteristics of a perfect BB and
used as a reference radiation source of calculable radiation characteristics.

In order to differentiate them, we shall use the term “perfect blackbody” for a theoretical object,
keeping the term “blackbody” for an artificial source.

Quantitative measure of the difference in radiation characteristics between an artificial BB and a perfect
one is the effective emissivity (EE). The qualifier “effective” is used due to the effect produced by
multiple reflections. Unlike a flat sample, outgoing radiation of an element of a cavity wall consists not
only of its own thermal radiation, but also of radiation falling from other surface elements and reflected
by the element under consideration. The EE is determined by the cavity geometry, optical properties of
the cavity walls, viewing conditions (VC), i.e., geometry of collecting the cavity radiation, and the
temperature distribution over the radiating surface.

Generally speaking, EE is the ratio of a radiometric quantity (usually, radiance or spectral radiance) that
characterizes a BB at a certain temperature to the same quantity of a perfect BB with the same
temperature. However, real-world cavities are always nonisothermal. Temperature non-uniformity can
change cavity radiation characteristics significantly. To avoid ambiguity in temperature assigned to the
perfect blackbody in the EE definition, the reference temperature T . has to be introduced and assigned

ref

to the perfect BB. T, itself has no specific physical meaning; its choice, in general, is arbitrary.
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Depending on the T, choice, the spectral EE of a nonisothermal BB can take any positive value, i.e., be
greater than one. The spectral radiance of a BB do not change their values at any choice of T . In

practice, the temperature measured by a contact temperature sensor is commonly used for T, to keep

ref
EE of the nonisothermal BB comparable with those for the isothermal case. EE of a nonisothermal cavity
depends on the wavelength even if the cavity internal surface has wavelength-independent optical
characteristics.

The quantities characterizing BB radiation sources are usually defined for the non-refracting, non-
absorbing, non-scattering, and non-emitting environment (i.e., vacuum at 0 K). It is also supposed that
optical properties of cavity walls do not depend on temperature. Effect of background radiation will be
considered in this Section later.

The primary characteristic of an artificial BB is the spectral local directional EE ¢,. It is defined by the
following equation:

c(ewT, )= LS &

L/l,bb (j"Tref ),

where L, is spectral radiance (in W-m~-sr!) of the radiation coming from a point on BB wall at a
particular wavelength A, with coordinates specified by the vector &, and the direction in which the
radiation is emitted specified by the vector ; L, ,, is spectral radiance of a perfect BB at a reference

temperature T, and the same wavelength 4.

The numerator in Eq. (1) refers to the sum of own thermal radiation of the surface element and
radiation that is falling from all possible directions and is reflected by this element in the direction
considered. Denominator in Eq. (1) is expressed by the Planck law:

L/l,bb(i'Tref ): 4 (2)

where ¢;= 3.74177153-10"° W-m? and ¢, = 1.4387770-10% m-K are the 1% and 2" radiation constants,
respectively [36].

Integration of Eq. (1) over a hemispherical solid angle transforms the spectral local directional EE
ge(/I,é';,(o,T ) to the spectral hemispherical EE geyh(ﬂ,é’;,T ) According to Lambert’s law, spectral

ref ref
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radiance of the perfect BB does not depend on the angle of observation and can be expressed through
the spectral exitance M , (surface density of the emitted radiant power):

Li,bb(ﬂiT)Z%Mz,bb(/LT)- (3)

The spectral hemispherical EE is defined by the following equation:

Mi(2.8) _ Mu(2) ’
Moo Trer ) Lo pn (A Trer )

ge,h(/Lg’Tref ): (4)

Depending on particular viewing conditions used for various types of radiometers, radiation
thermometers, etc., one can define appropriate types of effective emissivities by averaging local
directional effective emissivity over a visible part of cavity’s internal surface and an appropriate solid
angle. Some most practically important types of effective emissivities and corresponding types of
viewing conditions for a cavity with inclined bottom are considered in Section 3.3.

Definitions (1) and (4) have been developed for a non-radiating background environment. However, real
environment may have temperature greater than 0 K. Thermal radiation from surrounding environment
falls onto the aperture of a BB cavity and can irradiate detector after multiple reflections inside the
cavity. The simplest case of isotropic radiation of a perfect BB with the background temperature T, is

usually considered. The effect of background radiation is taken into account by the second term in the
Eqg. (5).

exp| — 2 |1
ﬂTref
8e(l,§,w,Tref 1Tbg ): 5e(}“l‘tss(‘):Tref )+ [l—ge(ﬂ,é,m)] (5)

exp G -1
AThg

where ge(/l,ﬁ,m,Tref ’Tbg) is spectral EE of a nonisothermal BB taking into account background radiation;

ge(/l,?;,(o,Tref ) does not include this correction; ge(/l,é’,w) is spectral EE of an isothermal BB.

Correction for the background radiation can be neglected if T,, <<T, .
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Radiance temperature (RT) Ty is defined as temperature of a perfect BB, for which the spectral radiance

at the given wavelength A has the same value as for thermal radiator under consideration. RT is
sometimes called brightness temperature in such areas as remote sensing, astrophysics, etc. The RT T

is defined by the equation:

Lﬂ(/i,l';,m)= L/I,bb(/l’TS)' (6)

For an artificial BB, the radiance temperature can be expressed through the spectral EE:

exp| —2— -1
To(4,60)=cyl Aln 1+ Lﬂref} (7)
S 1%1(‘) -2 ge(l,é,w,Tref) :

Egs. (6) and (7) are also written for zero background radiation. Note that the RT does not depend on
T . but depends on wavelength and VC.

ref

3.2. Cavity Geometry

A sketch for the cavity geometry INCA333 deals with is depicted in Fig. 1.

Fig. 1. A sketch for a cylindrical cavity with an inclined bottom.

10
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Geometry of a cavity is completely determined by four parameters: cavity length L, radii of cylindrical
part and aperture R and R_, respectively, and the bottom inclination angle . If R, =R, the cavity is

considered as a cavity without diaphragm. The following inequality must take place for the angle v :

2R T
tan| — |<py <= . 8
[Lj V= (8)

INCA333 checks it and shows the warning message if this inequality is violated. Angle i is entered in
degrees.

3.3. Viewing Conditions

Effective emissivities and radiance temperatures derived from them depend on viewing conditions (i.e.,
geometrical conditions of collecting the radiation by a measurement device). Effective emissivities can
be obtained by averaging primary (local directional) effective emissivities over given spatial and angular
domains. The types of viewing conditions which can be modeled in INCA333 are shown in Fig. 2.

- w, Detector

4,
3 \

G

Normal Viewing Conditions Conical Viewing Conditions Integrated Viewing Conditions

Fig. 2. Three types of viewing conditions modeled by INCA333.

Normal VC correspond to the collimated viewing beam parallel to the axis of the cylindrical part. Such
viewing conditions are approximately implemented for the radiometric or pyrometric measurements
with very long focal-length optics or for objective focused at infinity. Beam radius R, can be determined
by an external diaphragm. If R, — 0, the distribution of local normal EEs over the cavity aperture
describes spatial uniformity of cavity radiation.

Conical VC reproduce the pinhole model mimicking the optical system that collects the cavity radiation
onto the detector. For Conical viewing conditions, the beam axis is parallel the cavity axis. Case of
convergent conical viewing beams is depicted in Fig. 2. To model divergent viewing beam, the apex of
viewing cone must be placed behind the cavity bottom.

11
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Integrated VC reproduce collecting of radiation emerging from a cavity by a circular detector (shown in
blue) without optical system. Hemispherical VC (not shown in Fig. 2) can be considered as a special case
of the Integrated VC when the RD coincides with the cavity aperture radius and XD =YD =HD = 0.

3.4. Methods for Calculation of Effective Emissivities

Direct measurements of EEs of BB radiation sources are often extremely difficult or even impossible.
Sometimes, computational methods are the only way to determine EE. Moreover, calculation of EEs
should be done at the blackbody design stage. Many computational methods have been developed to
this end (see overviews [37-39]). These methods are based on the various physical and mathematical
assumptions, have different areas of applicability and provide different degrees of accuracy. For diffuse
cavities (i.e., cavities whose walls are considered as Lambertian emitters and reflectors) of simple
shapes, series of papers by R. E. Bedford and C. K. Ma [40-42] established de facto standard tecjnique for
calculation of local hemispherical EEs which can be used subsequently to calculate EEs of diffuse cavities
at any types of VC.

At present, the most comprehensive and flexible method for calculating radiation characteristics of
blackbody radiators is the Monte Carlo method (see, e.g., Refs. [1, 2, 43-52]). It is based on the ray
tracing algorithm that models radiation heat exchange among cavity walls and propagation of radiation
from a blackbody to a radiation detector. The Monte Carlo method uses the ray (geometrical) optics
approximation; such phenomena as polarization and diffraction are supposed to be negligible.

The vast majority of publications dealing with the Monte Carlo modeling of blackbodies concerns
axisymmetric cavities. However, there are several works considered cylindrical cavities with an inclined
bottom; for instance, the diffuse cavity with an inclined bottom is studied in Ref. [50], the specular-
diffuse cavity is investigated in [51, 52].

EE calculations by the Monte Carlo method use the optical reciprocity principle and the technique of
backward ray tracing. The history of a ray directed from the point of observation into a cavity is being
traced until it leaves the cavity after reflections from the walls, or until its energy becomes less then the
given value (flux threshold). The last point of reflection is considered as a birth point of a ray propagating
in opposite direction. The spectral radiance acquired by a ray consists of the spectral radiance of the
cavity wall’s own thermal radiation (computed by Planck’s law) at the point of the last reflection in the
viewing direction and the sum of spectral radiances at the points of successive reflections computed
along the ray trajectory and impaired by multiple reflections.

Averaging of spectral radiances over a large number n of ray trajectories allows estimating the EE and
RT of a BB. Precision of the Monte Carlo calculations is proportional to l/\/ﬁ Usually, it is necessary to

trace from 10° to 10’ rays to achieve the EE accuracy of 10™...10° (convergence of the computational
process depends upon many factors and can be assessed by performing repeated numerical
experiments).

12
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Adeqguacy of the Monte Carlo ray tracing (MCRT) calculations depends equally to a great extent upon
two factors. The first is the temperature distribution over the BB walls, especially over their directly
viewable areas. Even the most precise BB calibration sources (fixed-point and heat-pipe blackbodies [53,
54]) may have non-negligible decrease in temperature toward their apertures. Usually, temperature of
BBs is measured by contact methods only in several points (often, only in the bottom center). In this
instance, one can evaluate the influence of temperature non-uniformity on the radiation characteristics
of a BB by performing calculations with several feasible temperature distributions.

Second factor crucially affected EE is the angular behavior of the reflection model adopted for materials
forming a cavity. The simplest (but very often insufficient) model is the diffuse model of reflection. The
most powerful models must take into account bidirectional reflectance distribution function (BRDF) [55]
that describes angular distributions of reflected radiation for every direction of incidence. Since the
measurement data required for such a model is very often incomplete or absent at all, the specular-
diffuse model of reflection proposed in 1960ths [56] and representing BRDF as a sum of the Lambertian
(diffuse) and the perfect specular components is in common use up to date. However, BRDF for
specular-diffuse model of reflection includes Dirac’s delta-function in the expression for specular
component what makes impossible fitting of model’s parameters to measured BRDF. Moreover,
separation of reflectance into the perfect diffuse (Lambertian) and perfect specular components cannot
be done unambiguously. Besides, specular components of reflection for real-world materials of
blackbody cavities have small but finite divergence what can lead to effects which cannot be predicted
within the framework of the specular-diffuse model of reflection [1].

INCA333 uses three-component (3C) BRDF model [1, 2] and provides tools for fitting 3C model’s
parameters to BRDFs measured in the plane of incidence (so-called “in-plane BRDFs”) and for splitting
the spectral directional-hemispherical reflectance (SDHR) into three components — perfectly diffuse
(Lambertian), glossy (having wide specular lobe), and quasi-specular (having narrow specular peak).

3.5. Optical Properties of Materials for Blackbody Cavities

The choice of material or coating for radiating BB cavities is determined by many parameters:
operational temperature of a BB, required level of EE for the BB, cavity shape, and VC tat are used. BBs
operating at low temperatures have radiating cavities internally coated with various black paints like
those used for thermal detector of optical radiation [57-62]. High-temperature BBs usually made of
graphite, pyrographite, ceramics, or other refractory materials [63, 64]. Cavities for intermediate
temperature range frequently have oxidized metallic surface. The spectral range, in which the cavity
operates, is determined primarily by the BB operating temperature. SDHR measured within some
spectral range at a single incidence angle is the most accessible optical characteristic that can be
measured with the help of standard measurement equipment (e.g., spectrophotometer with the
integrating sphere or other reflectometric accessory).

Together with the spectral emissivity or spectral reflectance, the angular distribution of the radiation
reflected from or emitted by a material is the matter of the first importance for the calculation of

13
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radiation characteristics of BBs. This distribution is described by the BRDF. In the spherical coordinate
system (see Fig. 3), BRDF, f_[sr''], is defined [55] as

_dL,,(4.6.4.0,.4,) dL, (4,6.4.6,4,)
0Ot o) dL(00.4)00, ®

where @ and ¢ are the polar and azimuthal angles, respectively, L, is the spectral radiance of reflected
radiation, E, is the spectral irradiance of incident radiation; dQ is elementary sold angle; subscripts “i”
and “v” refer to incidence and viewing directions, respectively.

AZ

Incidence direction, w; Halfway vector, h

Viewing direction, w,

Fig. 3. Schematic for the BRDF definition.

It is supposed that fluorescence and translucency are absent. BRDF, as the function of 5 variables,
comprehensively describes optical properties of a material. Without loss of generality, until Section 3.8,
we will consider monochromatic radiation only and omit dependences on A as well as the adjective
“spectral”.

Physically plausible BRDF must obey the following two conditions:

1. Reciprocity principle which allows to interchange the incidence and the viewing directions:

f.(6.4.60,.4,)=1.(6,.4,.6.4). (10)

2. Energy conservation law, which dictates that the DHR computed as the integral of the BRDF over
the hemispherical solid angle, cannot be greater than unity for any incidence angle:

14
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27 72
p0)= [ [1.(6.4.6..4,)sin0,cos0,d0,dg, <1 forany @ (11)

$,=06,=0

Unfortunately, BRDF of materials and coatings used for radiating surfaces of BBs are studied
insufficiently. Very often, BRDF is measured only in the plane of incidence and for several incidence
angles only. Although some materials are used in BBs operating at elevated temperatures, BRDF
measurements are usually conducted at ambient temperature. The use of published data is problematic
due to many uncontrolled parameters of the material such as roughness, granularity, treatment, etc.,
which vary significantly from sample to sample. Obtaining reliable data requires individual investigation
of each specific material.

For MCRT calculations, it is necessary to know the BRDF values at any combination of incidence and
viewing directions. Habitual incompleteness of BRDF measurements leads to necessity of introducing
BRDF models, usually, in the form of analytical functions. A number of such models were developed for
computer graphics, digital image synthesis, and remote sensing during two last decades (the extensive
bibliography can be found, for instance, in [65-72]). These models can be subdivided onto physically-
based (i.e., describing real physical phenomena such as a reflection of optical radiation from randomly
rough surfaces or volumetric scattering in turbid media), empirical (which are no more than
mathematical formulae with a set of tunable parameters), and semi-empirical models, which are in-
between two first categories.

Physically-based models cannot be too sophisticated; they better describe behavior of materials
exhibiting only one type of scattering (e.g., scattering on the surface roughness or subsurface scattering)
and provide reasonable predicting of optical characteristics of such materials outside the angular range
of measurement. However, real-world materials seldom or never exhibit scattering conditioned by only
one physical phenomenon. For instance, reflection of infrared radiation from a metallic substrate
covered with a black paint is conditioned by scattering on the paint’s rough surface, volumetric
scattering within a paint layer, reflection from metallic substrate, and so forth.

A well-chosen approximating function and a set of tuning parameters can ensure excellent fitting of
empirical model to the measured BRDF but there is no guarantee for physical plausibility of these results

for all possible incidence and viewing angles.

The best approach must combine two above-mentioned methodologies.

3.6. Three-Component (3C) BRDF Model

As can be seen from Figs. 4 and 5 presenting BRDF measured at ambient temperatures for a black
coating and graphite sample (see also [57-62, 64]), most BRDFs can be represented as the sum of three
components: near-Lambertian (diffuse), almost specular (quasi-specular), and glossy (having wider

15
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forward-scattering lobe). The names of components are not concerned with physical phenomena they
determine but refer to their shapes only. Only isotropic BRDF models depending on ¢ = |¢, —¢V| instead
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Fig. 4. Logarithmic plot for BRDFs of a black paint with predominantly specular reflection measured at
ambient temperature and wavelength of 10.6 um.
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Fig. 5. BRDFs of graphite sample measured at ambient temperature;
left plot is for 0.65 um, right plot (logarithmic) is for 10.6 um.
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The Three-component (3C) BRDF model f, . introduced in [1] can be represented by the linear

combination of diffuse f, ;, quasi-specular fr,qs , and glossy fr’g components:
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foc =k f vk f o +k T (12)

gs "r.gs g 'rg’

where kK, and k; are non-negative and

kg +Kge +Ky =1. (13)

Diffuse component might be caused by multiple scattering on the surface roughness, or by volumetric
scattering inside a translucent coating etc. Diffuse component corresponds to reflected radiation more
or less uniformly scattered within the hemispherical solid angle. Lambertian reflection (also known as
ideal diffuse or perfectly diffuse reflection) is the extreme case of diffuse reflection when f_, =const.

Quasi-specular component has small but finite divergence unlike specularly reflected ray in the case of
perfectly specular reflection.

Glossy component is similar to the specular component but so wider that it forms rather specular lobe
then peak.

The schematic representation of 3C BRDF model is shown in Fig. 6.

MNormal Specularly reflected ray #
vector 7

Incidence /
ray Quasi-specular 4§

Glossy
component

Diffuse y
compon emllf_/"

Fig. 6. Schematic representation of 3C BRDF model.

For the diffuse component, the Lambertian BRDF is used:

f g :&, (14)
T

where R, is the partial diffuse reflectance that defines the directional-hemispherical reflectance (DHR)

py of the diffuse component.
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For the specular and glossy components, the isotropic version of the model, proposed in [73] for rough
surfaces, is adopted:

R(4 tang, )’ 2|1+ cos 6, cos @, —sin 6, sin 6, cos
fr(ei,ev,(;ﬁ):%exp{—( o hj} | (cos@, cosd, )’ ¢]' 1)

where o is the roughness parameter, 6, is the halfway angle (see Fig. 3 and explanation below).

This BRDF model is based on the microfacet model of reflection [74] that represents rough surface as a
set of randomly oriented perfectly specular tiny facets. Specular reflectance R, of microfacet depends
on the angle 6, of the incidence onto the microfacet. This halfway angle is formed by the surface

normal and the halfway vector h = (o, - o, )/(2||0)V —coi”) (see Fig. 3).

It is assumed that microfacet normals have Gaussian distribution with zero mean value and standard
deviation o . BRDF lobe becomes wider with the growth of o . Elementary physical reasoning suggests
that if R(@h)zl, the DHR of a microfacet model must equal 1 for all incidence angles. However, DHR of
all microfacet models, which neglect multiple reflections among microfacets, deviate from 1 for such a
case; the greater roughness the greater this deviation. Last term in Eq. (15) is constructed to minimize
the deviation of DHR from 1 at R(@h)zl. Deviations become significant only for large o and large 6..
Since the reflectances of materials of blackbody cavities are essentially low, uncertainty due to
neglecting multiple reflections for the DHR calculation by integration of BRDF (12) is essentially very
small.

The original model [73] uses Schlick’s approximation [75] of Fresnel’s reflection law for unpolarized
radiation:

R+(1-R)(1-cosd )’, if R>0
RSCh(Hh):{O-F(ifR:)(O COoSs h) | > (16)

where R is the partial specular reflectance (specular reflectance of a microfacet at the normal
incidence).

Eqg. (16) is slightly modified as compared with the original Schlick’s formula to correct the approximation
behavior for R=0 and &, > 0. For non-dielectrics, Eq. (16) gives greater deviations from Fresnelian

reflectance at large 6, . However, large 6, values are typical for very rough surfaces when the effect of

multiple reflections among microfacets overrides error of Schlick’s approximation. Eq. (15) is used for

both quasi-specular and glossy components; it is allowed that 0.0001 < Oy < 0.01 for the quasi-specular
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component and 0.01< o, <1 for the glossy component. In-plane BRDFs of glossy component plotted in
the Cartesian coordinate system according to Egs. (15) and (16) for R, = 0.1, o, = 0.1, and six values of

6, (0°,15°, 30°, 45°, 60°, and 75°) are shown in Fig. 7. The negative values of viewing angles 0,
correspond to backscattering.

160 ; ; ; 60 45 ;
S0 | | 0
- 15°
o L ol :777\7777 20 L] =15
- ‘ . .30
—~—45° ‘ ——45°
35 - .
100 4| 600 | _ | I 60
o750 I - 75°
I
| I 40 30 - |
100 4 | | |
I | . I
< | | ke 25 |
& | | 2 o |
1L 80 | | 5 %0 & !
& ! ! & % 20 1 !
I
60 - -4 ____ [ I
I | | I
| I 2 159 |
I | I
40 I I I
I | 10 A |
I | 10 4 I
I | I
20 | I 5 |
I | I
I | | I
o . M%M . 0 0 !
-90 -60 -30 0 30 60 N 90 60 30 0 30 60 90
Viewing Angle (°) Viewing Angle (°)
0=0.05 0c=0.1 0=0.2

Fig. 7. In-plane BRDFs for the glossy components for R, =0.1; o,=0.05,0.1, and 0.2.

The 3D plots of glossy BRDFs expressed in relative units for R, =0.1 and o,=0.05, 0.1, and 0.2 are

presented in the spherical coordinate system in Fig. 8 for 45° of incidence.

o0 =0.05 0=0.2

Fig. 8. The three-dimensional plots in the spherical coordinate system of glossy BRDFs expressed in
relative units for R, =0.1 and o, =0.05, 0.1, and 0.2 for 45° of incidence.
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Although the model expressed by Eq. (15) is developed for randomly rough surfaces, it was found that it
satisfactorily approximates glossy lobes of other nature.

DHR of the 3C BRDF model can be represented in the form
Psc(6)= Py + P (6)+ £, (6)), (17)

where every summand is the DHR of the appropriate component:

27 72
P =Ky [ [1.4(Ry.6,0,.8)sin0,c0s0,d0,dp=k,R,, (18)
$=06,=0
2 72
Pu(0)=K, [ [T, 4(Re04.6,0,.9)sin0, cos0,d0,dg, (19)
$=006,=0
27 72
py(0)=K, [ [1.4(Ry.0,.6,.0,.4)sin8,cos6,d0,dg. (20)

#,=06,=0

Wecall R, R, and Rg partial reflectances (PRs) of corresponding components.

as ’

3.7. Fitting Parameters of 3C BRDF Model to the In-Plane BRDFs

The 3C model of reflection has 8 parameters: k,,R;, kqs, Rqs,aqs, kg, Rg , and Oy - Three of them are

interrelated as it is shown in Eq. (13). Besides, the following conditions must be fulfilled:

0.< Ky, Ry, Kgs Res Ky Ry <1, (21)
0.0001< o, <0.01, (22)
0.01<o, <1. (23)

Mathematically, we deal with the problem of constrained optimization and have to find 8 values of the
3C model parameters which minimize distances between computed and measured BRDFs according to
some goodness-of-fit criterion. Multiple numerical experiments did not help in isolating a unified
criterion for all variety of BRDF shapes. For smooth BRDFs with the moderate dynamic range, the L,

metric ensures the best fitting results. The objective function F(kd Rk R oK Rg,ag) for the

drNgs? "Mgs?“gs Mg

metric L, equals
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F :Z _’ [fr,m(ei,klev,jk)_ fr(ei,wev,jk)]z ) (24)

where f and f  are computed and measured in-plane BRDF, respectively, n, is the number of
incidence angles, n,  is the number of viewing angles in the BRDF measured at k™ incidence angle 0\
0,

\

k1S thejth viewing angle for the BRDF measured for &, .

It was found that for very non-uniform BRDFs with a large dynamic range (for instance, for almost
uniform BRDF with a narrow specular peak), the C metric for relative deviations is more suitable:

0, if fr’m(@’k,evyjk):fr(ei,k,e ):0,otherwise

v, jk

m fr,m(ei,klev,jk)_ fr(ei,k’ev,jk)‘ (25)
axX max
KLl J=L fr,m(ei,k’ev,jk)+ fr(Hi,k’ev,jk)

F =

The objective functions defined by Egs. (24) and (25) have multiple minima but only one of them is the
deepest. Therefore we have to deal with multimodal objective functions and, correspondingly, with the
global optimization problem. For such problems, the solution usually depends on a starting point. It was
assumed that there is no a priori information which would allow us to select a “good” starting point
needed to detect the global minimum among several local minima. The particle swarm optimization
(PSO) method [76] was chosen to solve this problem due to the following two main reasons. First, PSO
only requires knowledge of lower and upper allowed values for each variable instead of its “good” zero
approximations. Second, PSO is capable (at least, in principle) to solve global optimization problems.

PSO is a stochastic, derivative-free, iterative optimization method that imitates random movement of
“particles” in the multidimensional search-space. The movements of the particles are determined by
their individual best known positions as well as the best known position for a swarm as a whole.
Although PSO does not guarantee locating the global minimum, the probability of its detection is high at
the optimal tuning of the algorithm. INCA333 uses the algorithm described in Ref. [77] conjugated with
the normalization of parameters k;, k,, and k; for calculation of f, .. after successive iterations.

Normalization is performed according to Eq. (13). Multiple re-starts strategy is used to avoid stagnation
and convergence to wrong solutions (local minima).

Maximal number of iterations (particle movements in the swarm), which can be executed without

restarts equals n,,, =10% in INCA333. Default number of restarts n,,.. = 20 ; user can vary this number
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between 1 and 100. Increase in number of restarts increases the probability of achieving the best fit but
also increases computation time. To initiate restart, one of two criteria must be fulfilled:

1) Objective function did not decrease during y-n..., where 0< y <1 is the Stagnation Length

iter 7

2) Radius of the hypersphere circumscribed in the 8-dimensional space of 3C model parameters is
reduced by the factor of Swarm Contraction in comparison with the initial radius of the swarm.
Swarm Contraction can take values 10'2, 10'3, 10%, 107, 10'6, 107, 10’8, and 10'9; the default value

equals 10™.

The final solution is made by the set of parameters corresponding to the minimal value of the objective
function. For defaults settings taking in INCA333 and overwhelming majority of BRDFs considered, the
probability of finding the global minimum estimated by numerical experiments exceed 99.7%.

The approach described in this Section allows not only fitting the 3C model parameters to the measured
2D (in-plane) BRDF but also to recover 3D (hemispherical) BRDF and compute the DHR of a material at
any incidence angle using numerical integration.

3.8. Spectral DHR Splitting

In the previous Sections, only the case of monochromatic radiation was considered. Such an approach
makes sense because BRDF is frequently measured at one or only a few wavelengths (usually,
wavelengths of laser radiation). However, spectral EEs and RTs of BB radiators often should be
computed for a continuous spectral range (actually, for sufficiently dense discrete set of wavelengths).
An algorithm for making the 3C model wavelength-dependent is proposed in [2].

If we have SDHR of a material measured at the incidence angle &, , within the spectral range from the

wavelength 4, tothe wavelength 4 . and BRDF of the same material measured for the wavelength

Ay € [ﬂmm,/imax], one can suppose that:

(a) The relative shape of BRDF remains the same forall 4 e [ﬂmin,lmax] if the scattering type does not
change abruptly within the spectral interval [/lmm,ﬂmax]. For the 3C BRDF model, this means that
parameters Ky, K, K, 0,
reflectances R, , R

and o, remain constant within spectral range considered, but partial
- @and R, are wavelength-dependent (spectral partial reflectances, SPRs).
(b) Relative contribution of partial DHR p;, p,,and p, of each component in the SDHR p does not
change within the spectral interval considered, that is ratios y, = p;/p*(@ivo),
Vs = P;s(@,o)//?*(@,o)r and y, = p, (ei,o)//f(@i,o) do not depend on wavelength for all
Ae [ﬂmin,/?,max]. Here, asterisked values are obtained using the 3C BRDF model with best fit values
of parameters and Egs. (18)-(20).
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If condition (b) fulfills, one can calculate the SDHR at & , of components forany A e [/’tmin,/’tmax]:
Pa(2)=74p2.0,0), (26)
Pe(4,6,5)= 1esp(2,6,0), (27)
Py (’Lei,o): 7gp(/1"9i,o)' (28)

Comparison of Egs. (26) — (28) with Eqgs. (18) — (20) leads to the following independent equations for
SPRs R;, Ry, and R, for every Aeld,. A

qs ’ min ! max]'

7d,0(/1’9i,o): K4Ry (’1)' (29)

2z /2

YsP(2:00) =K [ [ freo(Re (1), 8.6, #)sin 6, cos0,d6,dg, (30)

$=00,=0

27 7/2
75p(1.0,0)=k, [ [1.4(Ry(2).0,.6.0.0,.¢)sin 0, cos0,d0,d¢ . (31)

$=00,=0

Eqg. (29) has infinite set of solutions; any solution can be chosen because only the SDHR p(/1,19i) is a
measurable value; y, is the result of calculation according to y, = p;/p*(@ivo); therefore, any product

k,R, (1) is acceptable. Egs. (30) and (31) are nonlinear and can be solved numerically for every A from

the given wavelength set. INCA333 uses Brent’s method [78] to find the roots of Egs. (30) and (31) and
multidimensional adaptive quadratures [79] for integration over the hemispherical solid angle.

We will refer to the approach and the algorithm described in this Section as Spectral DHR Splitting. If
BRDF is measured at several wavelengths 4, , k =1,...,n, within spectral interval [ﬂ Amax |, this

min ! max]

wavelength range can be splitinto n, subranges containing 4, . It is supposed that two above-

mentioned conditions are fulfilled for each spectral subrange.
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3.9. Algorithm for Calculating Radiation Characteristics of Blackbody Radiators

Calculation of the EEs of isothermal cavities using the MCRT method can be performed using the
Kirchhoff law for the cavity’s EE and effective absorptance [80]. However, Kirchhoff’s law cannot be
applied to nonisothermal cavities due to thermodynamic equilibrium violation. At the same time, the
Helmholtz reciprocity principle remains in force and allows employing the backward ray tracing [81]. The
MCRT method requires averaging of spectral radiances of a large amount of rays launched from the
points and in the directions determined by the VC. INCA333 employs the importance sampling [82]
technigue to generate randomly reflected ray according to the given BRDF.

A large number n of rays have to be launched into a cavity; their start points and directions are
generated randomly, according to the viewing conditions which have to be modeled. The statistical
weight w,, =1 is assigned to the k -th ray before tracing. Before each reflection, the type of reflection is

chosen with the help of pseudo-random number u uniformly distributed from O to 1. If u<k,, a

random ray is generated according to the Lambertian BRDF; otherwise, if u <k, +K_, reflection is

s’
guasi-specular; otherwise it is glossy.

Importance sampling for diffuse component can be done using well-known method [83]:

sin“@, =u,
(31)

¢, =2mu,

where U, and u, are two random numbers from a uniformly distributed set between 0 and 1, 6, and

@, are the polar and azimuthal angles of a reflected ray in the local spherical coordinate system with the
origin at the point of reflection and z-axis coincident with the surface normal.

INCA333 uses an alternative, faster method that produces Cartesian coordinates of the unit vector
directed along the reflected ray. The pair of uniformly distributed random numbers u, and u, are

generated and accepted if uf + uf, <1, otherwise the new pair of u,and u, are generated. Cartesian

coordinates of the unit reflection vector ®, in the local coordinate system are computed as

\

®, =2u,-1
w, =2u, -1 . (33)

_ 2 2
@, =+1-w; — o,
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The statistical weight w= R, is assigned to the diffusely reflected ray.
The sampling procedure described in Ref. [73] was applied to quasi-specular and glossy components.

First, spherical coordinates of the halfway vector h (see Fig. 3) are computed using random numbers
Usand u,:

{Hh —tan(-olnu,) )

¢, =2mu,
Second, spherical coordinates are transformed to Cartesian coordinates:

h, =sin g, cos g,
h, =sin g, sin ¢, (35)
h, =cosé,

When coordinates of the halfway vector h are found, one can compute coordinates of the viewing
vector ®, specularly reflected from the microfacet with the normal h for the given incidence vector m, :

@, =Wy, — 2(o, -h)hy . (36)

According to the sampling procedure proposed in Ref. [73], the statistical weight

W= 2Rqs,g (Hh )

1_a)iz/wvz (37)
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is assigned to the quasi-specular or glossy reflected ray.

Thus, after each reflection, the statistical weight is multiplied by the factor that is determined by the
sampling procedure:

R,(1) for diffuse reflection
2Ry, (4,6, 1)
(L+cosd, 1, /cosb, )
2R, (4.6,,1)

(1+ cos@i’jflvk/cos Hv,j—l,k)

for quasi —specular reflection, (38)

for glossy reflection

where 6., and 6, , are the incidence and viewing (reflection) angles, respectively; the index “j” denotes

the number of reflection.

The ray is traced until it escapes the cavity or until its statistical weight becomes less than predefined
threshold value (102 in INCA333). Backward ray tracing considers the last reflection point as the
emission point of the ray propagated in the opposite direction, i.e. toward the observer. At the j-th

reflection point, the spectral radiance of the backward propagated k -th ray comprises the radiation
emitted and reflected at this point and can be expressed by the recurrence relation:

L, ix (’1) = (1_ Wik )Li,bb (’11Tj+1,k )+ Wiakbs jaks (39)

where L, is the spectral radiance of the perfect blackbody expressed by Planck’s law, T, , is the

temperature of a cavity surface at the point of the j+1-th reflection of thek -th ray.

The spectral radiance of the k -th backward propagated ray leaving the cavity can be written as

Li,k(ﬂ“) = []'_Wl,k(ﬂ’)] Lﬂ,bb (ﬂ”’Tl,k )"’ i [1_Wj,k(;t)] Lﬂ,bb (;L’Tj,k )1|j Wl,k(;t)' (40)
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where m, is the number of reflections in the k -th ray trajectory. Finally, the estimator for the spectral
directional EE of a cavity at a wavelength A is

1 n
ge(ﬂ”Tref ):mél‘l,k (ﬂ“) (41)

For an isothermal cavity, Tjk =T, forall j=1..,m, and k=1...,n. Simple transformations lead to

-, (42)

Thus, Egs. (40) and (41) are transformed into the equation derived in Ref. [1] for an isothermal cavity
using the approach based on the Kirchhoff law.

Effect of background temperature can be taken into account analytically by substitution of effective

emissivity values computed according to Egs. (40) and (41) into Eq. (5). The RT can be computed using
Eq. (7). Calculations for each wavelengths are performed successively, wavelength-by-wavelength.
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4. Key Features of INCA333

e Modeling of a cylindrical cavity with a flat inclined bottom with or without a flat annular diaphragm
e Modeling of isothermal or nonisothermal cavities with arbitrary one-dimensional (along Z axis)
temperature distribution specified for up to 1001 points
e Successive (wavelength-by-wavelength) calculation of effective emissivities and radiance
temperatures for up to 501 wavelengths
e Possibility to build 3C BRDF model from scratch or to fit its parameter to in-plane BRDFs measured at
up to 6 incidence angles for one wavelength
o Possibility to separate the spectral directional-hemispherical reflectance measured at one incidence
angle into the components of 3C reflection model to make it wavelength-dependent
e Calculation of effective emissivities of isothermal and nonisothermal cavities and radiance
temperatures for given temperature distribution
e Possibility to take into account the contribution of a background radiation
e Three types of VC each having up to 4 variable parameters (Normal, Conical for divergent and
convergent viewing beams, and Integrated )
e Successive calculations for up to 201 viewing conditions of the same type
e Built-in expandable databases for:
e Geometrical parameters, reflection models for materials, temperature distribution, and
viewing conditions for blackbody radiators (the DATASETS database)
e Measured BRDFs and SDHRs, results of BRDF fitting and SDHR splitting (the FITTING

database)

e Wavelength-dependent 3C BRDF models of materials and coatings (the MATERIALS
database)

e MCRT results, i.e., spectral effective emissivities and radiance temperatures (the RESULTS
database)

e Interpolation of spectral data stored in the MATERIALS database on the wavelength set specified in
the DATASETS database
e Automatically generated reports in ASCIl format
e Editable, exportable, and printable 2D graphs representing:
e Scaled cross-section of a cavity
e Viewing conditions
e Measured and fitted BRDFs; measured SDHRs and results of their spectral splitting
e Dependence of material’s SPRs on wavelength
e Temperature distributions along Z axis
e Dependences of effective emissivities on the wavelength
e Dependences of effective emissivities on one variable parameter of VC
e Possibility to save 2D graph data in text file or as MS Excel spreadsheet
o 3D interactive and editable plots of 3C BRDF models in spherical coordinate system
e Possibility to save 3D graph data in text file
e Possibility to save in file or copy to clipboard 2D and 3D graphs as bitmap
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5. Structure of INCA333

The functional scheme of the INCA333 is shown in Fig. 9. The DATASETS database (inca333.dbs file in the
DB folder) contains initial data on geometry, materials, and temperatures of blackbodies. Measured
BRDFs and SDHRs as well as fitting and spectral splitting results are saved in the FITTING database
(inca333fit.dbs file in the DB folder). The BRDF Fitting and SDHR Splitting Unit performs fitting 3C BRDF
model parameters to the measured BRDFs and computes SPRs of the model using spectral splitting of
measured SDHRs. Data on materials optical properties (parameters of wavelength-dependent 3C
models) are saved in the MATERIALS database (inca333mat.dbs file in the DB folder). The fitting and
splitting results should be exported from the FITTING to the MATERIALS database to be used in the
MCRT calculations of radiation characteristics of blackbodies. Preprocessing unit extracts all necessary
initial data from the DATASETS and MATERIALS databases, checks data self-consistency, and performs
preliminary calculations. Then the Monte Carlo Ray Tracing unit executes stochastic modeling and
writes the results to the RESULTS database (inca333res.dbs file in the DB folder). The 2D Visualization
unit displays Cartesian plots for functions of one variable (cross-sections of cavities, temperature
distributions, in-plane BRDFs, various spectral dependences, etc.) The 3D Visualization unit displays
hemispherical BRDF plots in spherical coordinates. The BRDF Model Builder allows creating 3C BRDF
models from scratch if experimental data are unavailable or deficient.

. o Cavity Viewing i

BRDF Fitting i BRDF measured at SDHR measured at Geometry Conditions |
and ' one wavelength one incidence b |
SDHR Splitting | | and up to 6 angle and multiple | ' Temperature = Wavelength i
Unit i incidence angles wavelengths i i Distribution Set i

FITTING MATERIALS DATASETS Preprocessing
Database | Database Database Unit

l 7'y 1
2D Visualization Monte.CarIo .Ray
Unit Tracing Unit
R’
3D Visualization [ BRDF Model RESULTS
Unit Builder » Database

Fig. 9. Functional scheme of the INCA333.
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INCA333 doesn’t require installation. The zip-archive with the Evaluation Version can be downloaded for
free from www.virial.com. INCA333 folder can be placed at any convenient place of the hard drive. The
folder INCA333 has the following structure:

——INCA333

INCA333.exe
opengl32.dll
glu32.dll

——DB

——inca333.dbs
—— inca333fit.dbs
——inca333mat.dbs
——inca333res.dbs
— Data

—Input
—FIT'lrING

BRDF (*.txt)
—— Matrix (*.txt)
L SDHR (*.txt)

——DA 'll'ASE TS

TD (*.txt)
L MATERIALS ——VC (*.txt)

— Output SPR (*.txt) —wL (*.txt)
%3¢ *.ids
—— BRDF2D (*.txt) :

——BRDF3D (*.txt)
——DHR (*.txt)
——Fitting Reports (*.txt)
— Fitting Results (*.txt)
——Graphs Data (*.txt)

—— Images (*.bmp)
——Splitting Results (*.txt)
——RESULTS

——EE(VC) (*.txt)
——EE(WL) (*.txt)
—— Reports (*.txt)
——RT(VC) (*.txt)
——RT(WL) (*.txt)

* txt

Figure 10. Structure of INCA333 folder.
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Most of the files in the subfolders Input and Output are text (ASCII) files. They can be opened and edited
in any text editor, e.g., Windows Notepad. Data from some INCA333 tables can be saved as text files in

the Input subfolder (see detail in Table 2).

INCA333\Datasets\TD

Table 2. Content of subfolders of the Data folder.

Subfolder Input Output Content \

Temperature distribution data

W W

INCA333\Datasets\VC " o Viewing conditions data
INCA333\Datasets\WL " o Wavelength sets
INCA333\MATERIALS\SPR 4 ” Spectral partial reflectances
INCA333\Data\Input\FITTING\BRDF i b4 BRDFs for one incidence angle
INCA333\Data\Input\FITTING\Matrix v % BRDFs fqr m.ultiple incidence angles with

shared viewing angles
INCA333\Data\Input\FITTING\SDHR v % Spectral directional-hemispherical

reflectances
INCA333\Data\Output\BRDF2D ﬁ' i 2D BRDF data
INCA333\Data\Output\BRDF3D F-4 o 3D BRDF data

Directional-hemispherical reflectances
INCA333\Data\Output\DHR F-4 o obtained by numerical integration of 3C

BRDF models
INCA333\Data\Output\Fitting Reports b4 o Fitting reports
INCA333\Data\Output\Fitting Results ® o Fitting results: measured and fitted BRDFs
INCA333\Data\Output\Graphs Data F-4 " \I/)v?r:?jss\:/ed from graphs plotted in separate
INCA333\Data\Output\Images b4 " Bitmaps of 2D and 3D graphs

All results of Monte Carlo modeling:
INCA333\Data\Output\RESULTS b=y " effective emissivities and radiance

temperatures

’ Effective emissivities vs. variable parameter

INCA333\Data\Output\RESULTS\EE(VC) X = of viewing conditions for one wavpelength

Effective emissivities vs. wavelength for one
INCA333\Data\Output\RESULTS\EE(WL) F-4 " values of variable parameter of viewing

conditions

. Full report of Monte Carlo modeling: initial

INCA333\Data\Output\RESULTS\Reports | & o data and results

Radiance temperatures vs. variable
INCA333\Data\Output\RESULTS\RT(VC) b4 v parameter of viewing conditions for one

wavelength

Radiance temperatures vs. wavelength for
INCA333\Data\Output\RESULTS\RT(WL) | & v one values of variable parameter of viewing

conditions
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The *.3C binary files contain 3C BRDF models and intended for data exchange between INCA333 and
other programs that use the 3C BRDF model.

The *.ids binary files contains entire record of the DATASETS database, i.e., all initial data for Monte
Carlo modeling except data that stored in the MATERIALS database. They allow to transfer data
prepared with INCA333 running on one PC to another PC and use them with another instance of
INCA333 providing that records for cavity wall materials will be also transferred using *.3C files.

o To preserve functionality of the program do not change the content and mutual arrangement of INCA333
subfolders and files.
. o All records in INCA333 databases and data files are supplied with the INCA333 are for exemplification
purposes only and cannot be used as initial data for solving your specific tasks.

' e Only one instance of INCA333 can be run on one PC.
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6. Units of Measurement

INCA333 uses the International System of Units (Sl). Table 3 shows the units of physical quantities that
INCA333 uses.

Table 3. Units of measurement used in INCA333.

Quantity Unit Comments

Linear dimensions Arbitrary All the cavity and viewing conditions linear dimensions must be
expressed in the same units

Wavelength Micrometer 1um=10"m

Angular dimensions | Degree, ° 1°=0.0174532925 rad

Solid angles Steradian, sr S| derived unit: 1 steradian is defined as the solid angle
subtended at the center of a unit sphere by a unit area on its
surface

Temperature Kelvin, K Conversion formulas:
[K] = [°C] + 273.15; [K] = ([°F] + 459.67) x 5/9
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7. Working with INCA333

7.1. Working with INCA333 Databases

The common mode of data representation of INCA333 databases is a spreadsheet or a table. A table
may be single, or be linked with other table(s). In the last case, the main table is referred to as master
table, and its depended tables are called detail tables. For instance, in the MATERIALS database, each
record of the master table contains fields for material name, date and time of a record creation, weights
of each component, parameters o, and o, for quasi-specular and glossy components, respectively.

The detail table contains fields for wavelength and SPRs R, , R, and Rg for diffuse, quasi-specular, and

as ’
glossy components, respectively. Some editable fields can be associated with the stand-alone controls.
Non-editable (read-only) fields have yellow-colored background. “Date and Time” field in DATASETS
database is an example of such a field. It is filling in automatically when a new record is created. All the
fields except two text fields (“Comments” and “Report”) in the RESULTS database are non-editable.

To manipulate data in a table, use keyboard commands or the special control — the Database Navigator
(see Fig. 11). Use <Tab> and arrow keys, mouse, or other pointing device for moving between cells of the
table.

First record Next record Insert record Edit record Cancel

K| | S0 0| 0 = | 720

Previous record Last record Delete record Post record

Fig. 11. The database navigator.

To add a new record to a table, use one of the following methods:

e Click Insert Record in the Database Navigator;
e Press Insert key;

e Press *if you are in the last row of the table.
To delete a current record:

e Click Delete Record in the Database Navigator or
e Press Delete key.
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When a record in the master table is deleted, all records in detail table(s) associated with deleted record
of the master table will be also deleted.

To edit a record, click Edit Record in the appropriate database navigator or directly enter the value in the
input field. Editable fields can be edited by entering corresponding values, or setting switches, or
choosing values from drop-down lists. Usually, changes made in an edited or newly added record are
saved in database after exiting the data grid or stand-alone control. However, to make sure that changed
values are saved, one can click Post Edit button of the database navigator. Until changes are saved, one
can restore previous values in the edited field by pressing Esc key or by clicking Cancel in the database
navigator.

Some fields cannot be left empty. If you leave them blank, the INCA333 may react by a message Field
“...” must have a value. In this case, press “OK” button below the message then click Cancel or Delete of
the appropriate database navigator.

“Comments” fields store arbitrary text information that can be useful for your records identification.
Master tables of the DATASETS, FITTING, MATERIALS, and RESULTS databases allow performing
incremental search in the first column by using the input field “Find” at the top of the table. Search is
performed as long as symbols are entered. Records in all master tables may be arranged by several
fields. To switch sorting mode, use “Sort by” radio-buttons at the top of the master table.

Four database files (inca333.dbs, inca333fit.dbs, inca333mat.dbs, and inca333res.dbs) are stored in the
INCA333\DB folder. One can move some or all of them to another place (for example, for archiving
purposes). If INCA333 cannot find some database file, a new empty one will be created after notification
message. Since cavity data, including names of materials are saved in inca333.dbs while optical
properties for these materials are saved in inca333mat.dbs, the user should watch the compatibility of
these files. If some material assigned to a cavity wall is absent in MATERIALS database, the message
Material “...” created “...” not found will appear before calculations.

All data contained in a table can be loaded from or saved in text (ASCII) file by clicking Load or Save
buttons. To delete more than one record, use Erase button. Clicking it calls the window shown in Fig. 12.

Delete Multiple Records 4 &J

Records
From First to Current

# 1
From Current ta Last From = =

o Al To 1

Total: 17 records
E =

Fig. 12. Deleting multiple records.

The same window is used for partial erasing of more than one record, specifically, when it needed to
erase materials assigned to several surfaces, or temperatures assigned to several temperature nodes.
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7.2. Working with INCA333 2D Graphs

2D graphs for functions of one variable are used in INCA333 for several purposes:

e To show cavity shape, positions of points in which temperatures are defined, and for targeting
that allows to check up correctness of viewing conditions specified

e To display temperature distribution along Z axis

e To plot measured and fitted in-plane BRDFs and fitting residuals

e To watch BRDF fitting process

e To plot dependences of DHR and its components (computed by numerical integration of 3C BRDF
models) on wavelength and incidence angle

e To plot SPRs of 3C model against wavelength

e To display results of interpolation/extrapolation of SPRs extracted from MATERIALS database for
the wavelength set that is used for Monte Carlo calculations

e To plot computed spectral effective emissivities and radiance temperatures vs. wavelength and
vs. variable parameter of viewing conditions

INCA333 allows plotting a magnified fragment of the graph: holding left mouse button depressed, drag
the cursor right and downwards to zoom (see Fig. 13) and left and upwards to unzoom.

3C BRDF model +3% multiplicative Gaussian noise; 11,18,/ 2012 08:43:47 3C BRDF model +3% multi noise; 11/18/2012 08:43:47

(Symbols for measured, lines for fitted BRDF) {Symbols  fitted BROF)

Tq
g
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2
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e

2

®

¥8485998445388

s
e
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s o Py
. T G 1
R R

Fos piogomen
EEEREREEL LR

o = 4 26 28 3 3 I 3 I 40 42 44 46 4B 50 52 54
Viewing Anole ()

Fig. 13. Use of zoom: graph before (left) and after zoom (right).

To displace curves relative to graph axes, hold the left mouse button depressed and move cursor. To
restore graph original position, draw a rectangle of arbitrary size by moving from the bottom right
corner to the top left one while left mouse button remains pressed.

The graphs for in-plane BRDFs have the checkbox Logarithmic BRDF Scale on the lower panel. Check or
uncheck it to switch between linear and logarithmic scale for the left axis of a graph.
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Clicking Show in Separate Window on the lower panel re-plots graph in a separate sizable window (Fig.
14) that provides access to the Graph Editor, allows to save data in text file, copy to clipboard and save
in file graph’s bitmap.

Click Edit Graph to call the Graph Editor that provides comprehensive access to the properties of the
graph via intuitive GUI. The Graph Editor gives the possibility to edit individual curves (series) and all
major elements of the graph (points, axes, legend, title, etc.), copy to clipboard, save in the file, print the
graphs, copy and save series values in formats of text (ASCII) file, MS Excel spreadsheet, HTML and XML
tables (see screenshots in Figs. 15 - 17).

3C BRDF model (metric C); 11/29/2012 08:12:48
(Symbols for measured, fines for fitted BRDF)

AAAAARAA0DT
~
]

<
|
23

BRDF (1/5r)
=4

10 20 30 40 S50 60 70 80
Viewing Angle (°)

-80 0 -60 -50 -4

7] Logarthmic Scal for Verteal aws | B EdtGraph | [ % ssvenara | [ G copyraph | [ & savecrson | [ cose

12/25(2012 04:53:13

Fig. 14. Plotting graph in the separate window.

» Edit Graph ¥ Edit Graph
B series | Dot | Expon | Prnt | chont | Oate | Expont | Prot | chont | Oate | Expont | Prot |
Bl - | ves | Legend | Ponel | o v B Lo 3 LA TS
[Fomat] Paint | Genaral | Marks | Format [Foint | Goneral | Marks |
ZF . it Modo:
E [ Border. | [ Derk3D lr 3':: ¥ Visible Stle: © Circle x
[ Color.. @| I Color Each r E F win [
[ [+ lefine pdarging -
B o o Potem.. | ¥ Cickable — GO
W oa 75 m or. — ot
EW ;5 peightan: 1 [+ Calor Eachline M M LDesl
bz @ — 15 Stack  None - Shodow... Gradient I
b F— 3
m =] a5 Treatpulls:  Dont Famt - Gradhent.. [ ] Shadow.. I
b P — 60 Tronsparency. [ i rio Transpaency [
[
Access to individual series . . . .
Formatting series Formatting points

(curves)

Fig. 15. Editing appearance of individual series (curves).
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Fig. 16. Editing graph axes, title, and legend.
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Graph printing

Fig. 17. Exporting capabilities of the Graph Editor.

7.3. Working with INCA333 3D Graphs

Three-dimensional (3D) graphs in INCA333 are intended for visualization of 3C BRDF model plotted in

spherical coordinate system. It is supposed that ¢, = 180° that is projection of the direction of incidence
coincides with the x axis. Clicking Plot 3D BRDF button opens the window shown in Fig. 18.

Plots of 3D BRDF are interactive: user can change the incidence angle for real-time re-plotting. All
controls placed on the tabbed page View instantly change the plot. When the checkbox “Normalize Plot”
is checked, 3D BRDF at any incidence angle is scaled up by dividing by its maximum at the same angle;
otherwise, dividing is performed by the maximum at normal incidence for all BRDFs. Fig. 19
demonstrates difference in these methods of normalization.
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Fig. 18. 3D (hemispherical) BRDF plotted in spherical coordinates.
Right-hand screenshot: tabbed page View is active;
left-hand screenshot: tabbed page Settings is active.
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Fig. 19. 3D plots of the same 3C BRDF model using different normalization methods
(checked/unchecked Normalize Plot).

If the checkbox “Normalize Plot” is checked, maximal value of the normalized BRDF equals 1 for any

incidence angle. Uncheck this checkbox to watch angular behavior of the 3C BRDF model using the same
scale of BRDF values for all incidence angles (see an example in Fig. 20).

39



INCA333 v. 3.X MANUAL © 2013, 2014 Virial International, LLC

Gi = 600

Fig. 20. 3C BRDF plots for fourth incidence angles 6; at unchecked “Normalize Plot”.

The tabbed page “View” contains controls for changing visibility and colors of all 3D plot elements, zoom
and pan tools. To restore the initial view click Restore Defaults button.

User can rotate the plot around three axes by moving mouse cursor over the image while mouse left
button is pressed. Fig. 21 shows an example of such a modified view.

Fig. 21. An example of modified view of 3D BRDF.

If quasi-specular component of the 3C BRDF is too narrow to be plotted with the default angular
resolution, the following notification message is appeared:

INCA333 it ‘ [

Angular resolution can be insufficient
for adequate rendering of the narrow quasi-specular component
Try to use controls on the tabbed page "Settings”

——= = —

Fig. 22. Notification of possible insufficient angular resolution.
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INCA333 employs non-uniform triangulation of the hemisphere to improve quality of 3D BRDF
rendering. Nodes are arranged more densely toward the direction of specular reflection (see Fig. 23).

Angular resolution (and, therefore, rendering quality) is defined by values of minimal (A6, .., Ad., ) and

maximal (A8, ... Ad,..) increments that can be varied in ranges specified in Table 4. User can try to

,min’?

change minimal and maximal increments then click Refresh. It should remember that the increase in the
number of nodes leads to substantial reduction of rendering speed.

If increased angular resolution did not give the desired results, one can try to plot BRDF without quasi-
specular component by setting R, =0. Any component of the 3C BRDF model can be excluded from

plot (and restored if necessary) using checkboxes in the tabbed page Settings. An example is shown in
Figs. 23 and 24.

Direction of specular reflection

6,=0° * 6,=90°
@ @ v *— ®
Aev,ma)( v,min
b =0° ¢ =360°

m —— » T — I

Fig. 23. Non-uniform arrangement of nodal points of hemispherical grid.

Table 4. Angular increment ranges.

From | To
Polar ansle Min. increment (°) | 0.05 |1
8 Max. increment (°) | 0.5 10
— S
Azimuth Min. increment (°) | 0.05 |1

Max. increment (°) | 2 10
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Fig. 24. BRDF cannot be plotted at maximal angular
resolution due to very narrow quasi-specular peak.

Fig. 25. The same BRDF plotted without quasi-
specular component at the default resolution.

The following buttons provide exporting capabilities for 3D BRDF:
Save Data saves 3D BRDF data in text file (see examples in Data\Output\BRDF3D);
Save Bitmap saves image in *.bmp file (see examples in Data\Output\Images);

Copy Bitmap copies image to clipboard.

To see coordinate system, click Coordinates (see Fig. 26).

.|

AZIMUTH OF THE INCIDENCE DIRECTION IS EQUAL TO 180°

12/25/201 25,4343 k- )|

Fig. 26. Window displaying the Cartesian and spherical coordinate systems used for 3D BRDF plots.
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7.4. Activating INCA333. Evaluation vs. Full-Functioned Version

In distinct of full-functioned program, the evaluation version does not allow to enter new or drastically
modify existing records in DATASETS, MATERIALS, and FITTING databases. Instead, the Evaluation
version allows to learn INCA333 working principles, to investigate examples included in databases and
data files, plot graphs, etc. The evaluation version of INCA333 can be downloaded for free from
www.virial.com. To obtain activation key and activate INCA333 you have to purchase the license.
Activation transforms the evaluation version into full-functioned program.

Download the evaluation version. It does not require installation. Just unzip INCA333.zip and place
INCA333 folder to convenient place on your hard drive. Open the folder INCA333 and run INCA333.exe.
The main window will appear (see the left-hand screenshot in Fig. 27). If the license is purchased,
INCA333 can be activated by clicking Activate button. The Activation window will appear (see Fig. 28).
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Fig. 27. INCA333 main window before (left-hand screenshot)
and after (right-hand screenshot) activation.

Enter the activation key and click OK.

[ |

INCA333 Activation

INCA333 will run in the Evaluation mode unti
you enter the activation key and press "OK"
buttan. To purchaze licenze and receive the
activation key, visit wanw.virial.com

Agctivation Key:

|/ oK. | |x Cancel | I

Fig. 28. INCA333 Activation window
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To finalize activation, read and accept the INCA333 Software License Agreement (Fig. 29). One can read
this document in the Appendix. The screenshot of the activated INCA333 main window is shown in the
right-hand screenshot in Fig. 27.

= INCA333 End-User License Agreement (EULA) I / X

INCA333 Software License Agreement -

License

1. Under this Software License Agreement (the "Agreement"), Viral International, LLC (the "Vendor") grants to the user (the |—
“Licensee”) I
a non-exclusive and non-transferable license (the "License") to use INCA333 (the "Software").
2. "Software" includes the executable computer programs, related electronic documentation and any other files that accompany
the product.
3. Title, copyright, intellectual property rights and distribution rights of the Software remain exclusively with the Vendor. (1
Ml Intellectual property rights indude the look and feel of the Software.
This Agreement constitutes a license for use only and is not in any way a transfer of ownership rights to the Software.
4. The Software may be loaded onto no more than three computers. A single copy may be made for backup purposes only.
5. The rights and obligations of this Agreement are personal rights granted to the Licensee only.
The Licensee may not transfer or assign any of the rights or obligations granted under this Agreement to any other person or
legal
entity. The Licensee may not make available the Software for use by one or more third parties.
6. The Software may not be modified, reverse-engineered, or de-compiled in any manner through current or future available
technologies.
7. Failure to comply with any of the terms under the License section wil be considered a material breach of this Agreement.

License Fee

8. The original purchase price paid by the Licensee wil constitute the entire license fee and is the full consideration for this
Agreement.

Limitation of Liability

| 9. The Software is provided by the Vendor and accepted by the Licensee "as i". Liability of the Vendor wil be limited to a
rmaximurm of

(v e ] (%o | |

Fig. 29. INCA333 activation must be finalized by accepting the end-user license agreement.

That’s all. Now, you can start solving your tasks with INCA333. We recommend to adhere the following
workflow:

LN AW

If experimental BRDF data are available, fit parameters of 3C BRDF model to BRDF data measured
at one wavelength and at 2 to 6 incidence angles. The more incidence angles the more reliable
fitting results. If there are no experimental BRDF data available, use BRDF Model Builder to build
the 3C BRDF model from scratch, e. g., on the basis of some indirect information about reflection
properties of a material.

If experimental SDHR data are available, perform spectral splitting of the SDHR measured at one
incidence angle to determine SPRs R, , R, and Rg for every wavelength for which SDHR is

as ’
measured. If you haven’t measured SDHR data, perform spectral DHR splitting at one wavelength
for which your model was created.

Export your model’s data to the MATERIALS database.

Repeat steps 1 — 3 for all materials used for cavity walls.

Enter new dataset name (and optional comments) to the DATASETS database.

Enter geometrical parameters of the cavity.

Assign materials to each surface forming the BB.

Select which BB you’ll model: isothermal or nonisothermal.

Enter reference and background temperatures (skip this step for the isothermal BB).
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10. Enter positions of temperature points and on the cavity generatrix (skip this step for the
isothermal BB).

11. Assign temperatures for the temperature points (skip this step for the isothermal BB).

12. Select the type of viewing conditions for which MCRT should be performed.

13. Enter geometrical parameters of viewing conditions.

14. Perform targeting to check correctness of viewing conditions specified.

15. Enter wavelengths (1 to 501) for which MCRT should be performed.

16. Check interpolation quality of the SPRs for each material used in your dataset; change
wavelength set if necessary.

17. Perform MCRT with moderate values of accuracy parameter (e.g., for 10,000 rays traced) to
evaluate the necessary values of rays and time required to trace them.

18. Perform Monte Carlo calculations with the accuracy enough for your goals.

19. Browse results of calculations in the RESULTS database, plot dependences of EE (and RT, for non-
isothermal cavity) on wavelength and/or on variable viewing conditions parameter.

20. If necessary, save results and report in text files.
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8. The BRDF Model Builder

8.1. Working with Monochromatic BRDF Model

If experimental data for BRDF is incomplete or absent, you still can build the 3C BRDF model based on
some indirect information about angular properties of material’s reflection. Such a model might be
useful at the blackbody design stage for material selection as well as for parametric investigation of
dependences of blackbody radiation characteristics on angular reflection properties of cavity walls.
To open the BRDF Model Builder, click BRDF Model Builder button on the bottom panel of the main
INCA333 window (Fig. 27). Fig. 30 shows the BRDF Model Builder; it has two tabbed pages:
“Monochromatic 3C BRDF Model” and “Spectral DHR Splitting”.

T= INCA333: 3C BRDF Mode! Builde o v

Monochromatic 3C BRDF Model | Spectral DHR Spitting
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12/25/2012 06:08:32

Fig. 30. The BRDF Model Builder: the Monochromatic 3C BRDF Model tabbed page is selected;
2D BRDF is plotted for one incidence angle

The left-hand panel of the “Monochromatic 3C BRDF Model” tabbed page contains controls for entering
parameters of monochromatic 3C BRDF model and plotting its 2D graphs. Switches Plot For allow to
choose between plotting for one and for up to 6 incidence angles in one graph. In the first case, if the
Interactive Plot checkbox is checked, graph will be re-plotted immediately, as soon as angular
resolution, incidence angle or any parameter of the model is changed. If Interactive Plot is unchecked,
user has to click Refresh button additionally. The last option can be more convenient when all three
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components have non-zero weights since their normalization is performed just after changing one of
their values.

To plot 2D BRDF for multiple incidence angles, select Multiple Incidence Angle in the Plot For switch;
enter minimum, maximum, and number of incidence angles, then click Refresh (see Fig. 31). Component
weights will be also normalized automatically before plotting.

7= nca333: 3C BROF Model Builde o v
Monochromatic 3C BRDF Madel | Spectral DHR Splitting
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; a W o 150
;| 0.000s00 2
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M R_gs: 0.015000 -5 : |~ o
I _ = 2000} 2 =
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= # 22.00 ¥ <t 750 |
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m
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| 3 s
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i |
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12/25/2012 06:09:47

Fig. 31. The BRDF Model Builder: the Monochromatic 3C BRDF Model tabbed page is selected;
2D BRDF is plotted for 6 incidence angles

8.2. Making the Model Wavelength-Dependent

Method of SDHR separation into components of the 3C model (SDHR splitting) is described in Section
3.8. Application of spectral splitting to the SDHR measured within some finite wavelength range makes
the 3C BRDF model wavelength-dependent. To transform the monochromatic model onto wavelength-
dependent one, select the tabbed page “Spectral DHR Splitting” (see Fig. 32). Click Load to open a text
file containing SDHR. A fragment of such a file is shown in Fig. 33. First line comprises the value in
degrees of the incidence angle at which SDHR was measured; the text starting from “//” is considered as
comments and will be ignored; next lines consist of wavelength in um and SDHR itself separated by at
least one space or <Tab> symbol. These values will be loaded into two first columns of the table and
plotted in the graph (see Fig. 31). Examples of similar files can be found in the subfolder
Data\Input\Fitting\SDHR.
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Fig. 32. The BRDF Model Builder; the Spectral DHR Splitting tabbed
page is selected.

Fig. 33. A fragment of text file
containing SDHR.
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Fig. 34. Results of the spectral splitting.

Click Compute button. The SDHR loaded will be split wavelength-by-wavelength onto partial SDHRs
L (/1,61’0), qu(/iﬂi,o): and p, (/1,49”)), where &, is the incidence angle which appeared in the input field
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at the top in Fig. 32. Simultaneously, SPRs R, (1), Rqs(ﬂ), and R, (1) will be computed, entered into the

table, and plotted. Fig. 34 shows the results of spectral splitting. Calculations can be interrupted at any
time by clicking Stop button.

Since Ky, K,
range of SDHR values for which a solution exists, that is values of BRDF and SDHR must be self-
consistent. Otherwise, SPRs cannot be found within interval [0, 1], i.e. physically plausible solution does
not exist. The following notification will appear in such a case:

and k, are related by Eq. (13) and inequality (21), for every BRDF model there is certain

INCA333 LX)

Wavelength = 0.5000 pm
Partial Reflectance for Diffuse Component cannot be found within [0, 1] range
The 3C model could be inapplicable to entire spectral range chosen

Fig. 35. Notification of inconsistency of 3C BRDF model and SDHR.

Results of calculation (entire table) can be saved in text file by clicking Save Table button. The complete
3C BRDF model can be save in MATERIALS database by clicking Export to MATERIALS DB. Before
exporting, the Material Name will be requested (Fig. 36). On can use any sequence of up to 100 symbols.

Export to MATERIALS Database S

Enter Material Name

3C Mode

Fig. 36. Request for the name under which the 3C Model
will be stored in MATERIALS database.

BRDF Model Builder does not store modeling results, thence the user should take care to export results
to MATERIALS database or save (by clicking Save) in a binary *.3C file the model he built.

8.3. BRDF Plotting

When it is necessary to plot 2D BRDF for a specific wavelength (for a specific record in the table at the
bottom of the tabbed page Spectral DHR Splitting, see Fig. 34), click Plot 2D BRDF. The window shown in
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Fig. 37 will appear. The actual wavelength is indicated in the white panel of the status bar. For
description of functions for buttons in the lower panel see Section 7.2.
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Fig. 37. 2D graphs plotted for A = 0.5 um (circled in red).

If SPRs are not calculated (corresponding fields in the table are empty), BRDF will be plotted for
monochromatic model (see Fig. 38); generally, plots will be the same and can be handled in the same
manner as those in Figs. 30 and 31.
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Fig. 38. 2D graphs plotted for monochromatic model (wavelength is not specified).

The tabbed page Coordinates shows 2D Cartesian and polar coordinate systems and explains viewing
angle signs (see Fig. 39).
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AZIMUTH OF THE INCIDENCE DIRECTION IS EQUAL TO 180°

Viewing e Viewing
Direction Direction

Incidence

Direction

0° £8,£90° 90° £6,<90
& incidence angles 181 viening angles 12/25/2012 07:05:36

Fig. 39. 2D Cartesian and polar coordinate systems.

To plot 3D BRDF for a specific wavelength, click Plot 3D BRDF. The only difference of the windows
appeared from that shown in Fig. 18 is the white panel showing actual wavelength (see Fig. 40).

/| Normalize Plot
Shiow
[¢] Axes [v] BRDF
[ Rays [v] Plane
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Fig. 40. 3D BRDF plot for A = 0.5 um (circled in red).
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8.4. DHR Calculation

BRDF Model Builder provides a possibility to compute dependence of DHR on incidence angle at a given
wavelength by clicking Plot DHR vs. IA button (see Figs. 30-32, 34). Like in the case of BRDF plotting,
wavelength at which DHR is computed is corresponding to the current record in the SDHR table. If this
table is empty, or spectral splitting is not performed yet, DHR will be computed for the monochromatic
BRDF model for which wavelength does not defined. Figs. 41 and 42 show the window for calculating
DHR vs. incidence angle before and after calculations.

= 1MCA333: Dependence of DHR an Incidence Angle -  Ep— . = INCA333: Dependence of DHR on Incidence Angle -  Ep— .

Incidene Angles
= S0 Model; 12/ 25/ 2012 07:10:08 = S0 Model; 12/ 25/ 2012 07:10:08

Wavelength = 0.5 pm

Wavelength = 0.5 pm

Directional-Hemispherical Reflectance [SHR)

0 2
Incidence Angle I o Incidence Angle

Dataset is empty

Fig. 41. Window for calculating DHR vs. incidence Fig. 42. Window for calculating DHR vs. incidence
angle before calculations. angle after calculations.

User has to enter min. and max. incidence angles and their number as well as allowable relative error of
adaptive integration (or remain unchanged their default values). Calculations start by clicking Run
button and will be performed for incidence angles uniformly distributed between their min. and max.
values. Computed DHR and their components will be shown in the table and plotted (see Fig. 41).
Calculations can be interrupted at any time by clicking Stop. Results can be saved as a text file by clicking
Save. Examples of such files can be found in the Data\Output\DHR folder.

If spectral splitting is done, one can compute SDHR and its components for a given incidence angle as a
function of wavelength. Click Plot DHR vs. WL button (see Figs. 30-32, 34) to open the window shown in
Fig. 43. If there are no spectral splitting data, the message “No spectral data found” will be displayed.

Enter the incidence angle for which SDHR has to be computed and allowable relative error of adaptive
integration (or remain unchanged their default values) and click Run. Fig 44 shows the window for
calculating DHR vs. wavelength after performing calculations. Like in the previous case, calculations can
be interrupted at any time by clicking Stop. Results can be saved as a text file by clicking Save. Examples
of such files can be found in the same Data\Output\DHR folder.
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Fig. 43. Window for calculating DHR vs. wavelength  Fig. 44. Window for calculating DHR vs. wavelength
before calculations. after calculations.
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9.1. BRDF Fitting
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To open the FITTING database with its own tools for BRDF fitting and spectral DHR splitting, click FITTING

button in the main INCA333 window (Fig. 27). The FITTING database window will be opened (Fig. 45).
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Fig. 45. The FITTING database window; the tabbed page “BRDF Fitting” is selected.

To create a new record click Insert Record (+) button of the Database Navigator under the table in the
left panel and enter the name of material (up to 100 symbols) in the first column. Optionally, one can
enter in the text field “Comments” some additional text information which can be useful for further
identification of your task. The next step is to enter experimental BRDF data.

There are two possibilities to enter measured BRDF data from text files of two different formats. The
first way is to enter BRDF for each incidence angle successively, angle-by-angle, by clicking Load Single
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BRDF. This way must be used if BRDFs for different incidence angles contain different sets of viewing
angles. The text files of the format shown in Fig. 46 must be prepared:

5 // Incidence angle (deg.)

-80 0.000242855
=75 0.000270645
-55 0.000284425
-50 0.00028157
-45 0.000320945
-40 0.000364755
-10 0.0020117
-9 0.003

-7 0.0068

-5 0.02

-3 0.05

0 0.178

3 0.95154

5 30.8345

7 1.43985

9 0.28840315
30 0.00065106
35 0.000474505
40 0.000396925
75 0.000226735
80 0.000217455

Fig. 46. A fragment of text file that contains BRDF for one incidence angle.

The first line must contain the incidence angle in degrees; the text beginning from “//”is a comment and
can be omitted. In next lines, the first column contains viewing angle in degrees; negative viewing angles
correspond to backscattering (see Fig. 39). The second column contains BRDF values in sr'*. Columns
must be separated by at least one space or <Tab> symbol. Such a file can be prepared in any text editor,
e.g. Microsoft® Notepad, or using Microsoft® Office Excel and saving spreadsheet as Text (Tab-delimited)
file. Text files must be prepared for each incidence angle. Some examples can be found in the
Data\Input\FFITTING\BRDF folder.

The second way is to enter BRDFs for all incidence angles at once by clicking Load BRDF Matrix. In this
case, the set of viewing angles must be the same for all incidence angles. BRDF can be represented as a
rectangular matrix having n, +1columns and n, rows, where n, and n, are numbers of incidence and

viewing angles, respectively. The first line of the file must contain the number of incidence angles; the
second line contains incidence angles in degrees. Next lines comprise of viewing angle in degrees and
BRDFs in sr' for each incidence angle separated by at least one space or <Tab> symbol. A fragment of
such a text file is shown in Fig. 48. The text beginning from “//” is optional and can be omitted; it will be
ignored when the file is reading. Several examples of such files can be found in the Data\Input\FITTING\
Matrix folder. The data loaded will be saved in the FITTING database, displayed in the graph, and shown
in the table for each incidence angle.
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3 // Number of incidence angles
6.00000 30.50000 60.75000 // Incidence angles in degrees
-78.000000 7.17034571290718E-0003 4.41403593868017E-0003 5.08488016203046E-0003

78.000000 7.17034571290718E-0003 2.86295469850302E-0002 5.05613118410110E-0001

Fig. 47. A fragment of text file that contains BRDF matrix.

To start fitting, click Fit button. The BRDF Fitting Monitor window will appear (Fig. 48). Its right part

contains two graphs: the upper is for real-time displaying measured and fitted BRDFs and the lower for

displaying residuals. The red arrow in Fig. 48 shows the splitter that allows to change relative sizes of

both graphs (by dragging splitter using the mouse or other pointing device) or to collapse one of graphs

completely (by clicking the left or right segment of the splitter).

T INCA333: BRDF Fitting Monitor 111 S e e

Time of Record Creation: |11/29/2012 08;12:48

Material Name: | 3C BRDF mode! (metric C)
Time of Fitting Start:

Settin
s Metric Symbols for measured, lines for fitted BRDF
®cRrel) OL2 blu B e R B ey T e Incidence
2 Angle
Mumber of Restarts: -3 . W« go
~ 1g! W & 15°
Restart Criteria s 10 W ¢ 300
- <
Stagnation Length: | 0.2500 =] AP W o 450
=] = W = 60°
Swarm Contraction: | 164 - 4 i
- 2 107 W« 750 |
Current Values 10 2 i
Objective Function: 102
Tizralian £ -80-70-60-50-40-30-20-10 0 10 20 30 40 50 60 70 80
Successful Tteratons: | Viewing Angle (°)
T i
Restart #: ] Logarithmic BRDF Scale
|

|
Best Values T e = =

Fif RDF - Measured BRDF i

° :

=
T
&
<
o
Ao
ﬂ : |
3
b=}
€
=
|
I
Viewing Angle (%) |
M
i » Run 1 Stop W createnewrecord | | 8 Replace E computetnt | |Gl Close

12/25/201207:27:16 |

Fig. 48. The BRDF Fitting Monitor window. The red arrow points at the splitter.
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First, the metric (see Egs. (24) and (25)), which will be used for fitting has to be chosen. Due to variety in
shape of BRDFs for various materials, it is hard to exactly predict which metric (L, or C) is more
appropriate in certain case; however one can formulate a common rule which is illustrated by two

examples below.

For smooth BRDF curves with moderate dynamic range, metric L, gives the best result while the result
obtained with the metric C is unsatisfactory (Fig. 49).

Unddized rough Copper surface (matric L2); 12/00,/ 2012 08:19:23 Urddized rough Copper surface (metric £); 12/09) 7012 07:44:18
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Viewing Anghe () Anghe ()

Metric L, — good fitting quality Metric C — poor fitting quality

Fig. 49. Fitting performed for the same smooth BRDF using metrics L, and C.

For unsmooth BRDFs, especially for BRDFs whose dynamic ranges are of several orders of magnitude
(this concerns BRDFs having sharp specular and glossy peaks against low diffuse component), the metric
L, , as a rule, gives the worst fitting results in comparison with metric C because it tends to average the

BRDF values (see Fig. 50).

I BROF moded (matric L2} 11/17,/2012 07:24:37 I HROF mackel (meatric C); 11,209/ 7017 08:12:48
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Metric L, — poor fitting quality

Metric C — good fitting quality

Fig. 50. Fitting performed for the same sharp BRDF using metrics L, and C.
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As it was already mentioned in Section 3.7, INCA333 uses multiple restarts strategy to avoid false
convergence to local minima of the objective function and prevent stagnation (state when the PSO
algorithm cannot find the better solution during a large number of iterations). The fitting reliability is
defined by the Number of Restarts, the Stagnation Length and the Swarm Contraction, which default
values user can vary widely. However, only for experienced users we can recommend changing these
parameters.

Click Run to start fitting. User can watch the fitting process numerically (current values the objective
function, model parameters and DHR of the diffuse component, iteration number, number of successful
iterations and number of restarts) and in two graphs; they will be re-plotted as soon as the next better
solution is found (see Fig. 51). To interrupt fitting at any time, click Stop.

= INCA333: BRDF rimng_lwm T I= INCA333: BROF Fitting Mnnim T
Tave of Record Creation: 12/09/2012 08:19:23 Tare of Record Creation:  12/09f 9:23
Mteril Name: [Oaieed rough Copper arfoce (reine 12) Wiaterio Name: [Grdoed rough Gopper s foce fmeirc L2)
Time of Fiting Start:  12/25/2012 07:29:05 Time of Fiting Start:  12/25/2012 07:29:05
Settings ) : Settings . :
o Oxidized rough Copper surface (metric 12); 09/12/2012 08:19:23 s oxidized rough Copper surface (metric 12); 09/12/ 2012 08:19:23
R Bz AT Tnckdence
) 25 25| - etbebedheote iy ‘Angle
e bt ofReatar EE| c
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oo . Restart Clera %
= = = 4
02500 = Zis StagnatonLength: | 0.2500 5 Z1s
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Restart £: 0 Logarithmic BADF Scale: I Restart &: 20 Logarithmic BROF Scale
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H Fing m progiess., 1225/201207:29:07 i Compisted. 12/25/201207:30:13

Fig. 52 shows the BRDF Fitting Monitor for the fitting finished. When fitting is completed or interrupted,
user has a possibility to compare new solution with the old one stored (if any) in the FITTING database.
Three possible cases are shown in Fig. 53. User should decide to save new solution in the FITTING
database by replacing the old one, or to dismiss the new solution.

Usually, the best choice for the first case (No fitting improvement was obtained) is clicking Dismiss. For
the second case (The better solution is found) user can choose between Create New Record and
Replace. To make a choice in the third case when old and new solutions were obtained for different
metrics, we recommend to choose Dismiss. User will be able to save new solution in the FITTING
database later, after additional thorough comparison of new solution with old one.
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INCA333: Compare Solutions

=)

INCA333: Compare Solutions

=)

=)

INCA333: Compare Solutions

Material Name: |Oxidized rough Copper surface (metric L2)

Date and Time: |12/09/2012 08:19:23

Old Solution
Metric: L2

Objective Function:

Fitting Firssh Time:
12/09/2012 14:51:13

Fitting Duration: |00:00:58

Diffuse Component

Weight: 0.667755365937
R_d: 0.084004371908
DHR _d: 0.056034370104

Quast-Specular Component:

Weight: 0.072039878219
R_as(0%): 0.001
Sigma._gst 0.01

Glossy Component

lew Solution
Merric: |L2
Objective Function:
0.129141413461
Fitting Finish Time:
12/25/201207:33:43
Fitting Duration: |00:01:03
Diffuse Component
Weight: |0.667759533468
R_d: |0.083997447334

DHR_d: |0.056090086244

Quasi-Specular Component

Weight: |0.072041308281
#_as(0%: [0.001000000000
Sigma_gs: |0.010000000000

Glossy Component

Material Name: | Owdized rough Copper surface (metrcL2)

Date and Time: | 12/09/2012 08:19:23

0Old Solution
Metric: [L2
Objective Function:
0.12914
Fitting Finish Time:
12/25/2012 07:33:43

Fitting Duration: |00:01:03

Diffuse Component

QuastSpecular Component

New Solution
Metric: L2
Objective Function:
0.120143413150
Fitting Finish Time:
12/25/201207:37:01
Fitting Duration: | 00:00:54

Diffuse Companent

Wieicht: 0.667759533468 Weight: |0.667759584525
| R_d: 0.083997447334 R_d: |0.084003619889
i

DHR_g: 0.056090096244 DHR_d: |0.056094222316

Quasi-Specular Component

Weight: 0.072041308281 Weight: |0.072040595116
R_gs(09: 0.001 R_os(0%): | 0.00L000000000
Sigma_gs: 0.01 Sigma_gs: | 0.010000000000

Glossy Component

Glossy Component

Material Name: | Owdized rough Copper surface (metrcL2)

Date and Time: | 12/09/2012 08:19:23

0Old Solution Hew Solution

Metric: [L2 Metric: |C (Rel)
Objective Function:
0.12014141316

Objective Function:
0.235906738650
Fitting Finish Time:
12/25/201207:37:01

Fitting Finish Time: |
12/25/2012 07:38:23
Fitting Duration: |00:00:54 Fitting Duration: | 00:00:31
Diffuse Component Diffuse Companent

Weight: |0.023707723124 W

Weight: 0.667759584525
[ R_d: 0.084003619889 R_d: 0.894749283809
i

DHR_¢: 0.056094222316

DHR_d: |0.021212466286 ”

u QuastSpecular Component Quasi-Specular Component

Vieight: 0.072040595116 Weight: |0.676722087138
R_gs(09: 0.001 R_os(0%): | 0001000000000
Sigma_gs: 0.01 Sigma_gs: | 0.009562265362

Glossy Component Glossy Component

Weght:  0.260204755844 Weight; | 0.260199158251 Weight:|  0.260199158251) Weght: |0.260199620359 Weicht:|  0.260199820359) Weght: |0.299570189738
RO 0332904308678 R_g(0%): | 0.332914004581 | R_g(0%): 0.332914004581 R_g(0%): 0332912522135 | _g(0%): 0.332012522135 R_g(0%): 0397939754463
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[ compuierrn | [ createbenRecord | (52 Repae | [ Domss | [ computeom | [ cestenenrecord | [32 repace | [ Demss | [ computeom | [ cestenenrecord | [32 repace | [ Demss |
o fitting rroroven: ned 12/25/201207:33:50 e better sotution is found 12{25/201207:37:06 12{25/2012 07:38:28

Il Solutions were obtained for different metrics

No fitting improvement was obtained

The better solution is found

Solutions were obtained for different metrics

Fig. 53. Three possible cases of comparing new and old solutions.

The Compare Solutions window will be closed at any choice but user still can save new the solution in
the FITTING database by clicking Create New Record or Replace in the BRDF Fitting Monitor window
(see Fig. 52). Besides, Compute DHR buttons of both BRDF Fitting Monitor and Compare Solutions
windows allow computing the dependence of DHR on the incidence angle for the fitted model.

The fitted BRDF and model’s parameters can be erased by clicking Erase Fitting Results button in the
FITTING database window (Fig. 45). After an affirmative answer to confirmation request, erased data
cannot be restored. The measured and fitted BRDFs can be saved in text file using the Save button.
Examples of these files can be found in Data\Output\Fitting Results folder.

9.2. Spectral DHR Splitting

Method of SDHR splitting is described in Section 3.8; its use in the FITTING database is analogous to that
described in Section 8.3. Open the tabbed page “Spectral DHR Splitting” of the FITTING database
window (see Fig. 54). If the spectral DHR separation for the current material was not performed yet,
both graphs and the table beneath them will be empty. To enter SDHR from the text file click Load. The
text file must be prepared as it was shown in Fig. 33; examples can be also found in the folder

Data\Input\FITTING\SDHR.

Purpose, functions, and operating modes of buttons Load, Save Table, Erase, Compute, Stop, Plot 2D
BRDF, Plot 3D BRDF, Plot DHR vs. IA, and Plot DHR vs. WL are no different from the corresponding
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buttons in BRDF Model Builder described in Section 8. Fig. 55 shows the FITTING Database window after
SDHR splitting.

Sort by Fittng | SpectralDHR Spittng | Report
Find: | ") DatasetName () Record Creation Tme () Fiting FnshTme | | : -
Incdence Angle, IA (%): | 0.0
| Material Name Record Creation Time | Fitting Finish Time  »
" |Oxidized rough Copper surface (metricL2) 12/09/201208:15:23  12/25/201207:37:01 Spectral DHRs pec
|Almost specular black coating 11/17/2012 07:24:37 12/13/2012 13:58:27
Ovidized rough Copper surface (metric C) 12/09/2012 07:44: 18 12/08/2012 07:43:34 oOxidized Al alloy; 07:24:37 17/11/2012
3 BRDF model (metric ) 11/29/2012 08:12:48 11/29/2012 07:34:05 Incidence Angle = 0°
| 3C BRDF model+0.3% multiplcative Gaussian noise  11/18/2012 08:41:38 11/19/2012 06:16:06
__ 3C BROF model+3% multiplicative Gaussian noise  11/18/2012 08:43:47 11/18/2012 09:21:59 = ¥ = DHR
 Blackened rough stainless steel 11/17/2012 07:24:37 14172012 11:52:26 E‘ f ¥ = DHR_d
| 3C BROF model (metricL2) 11/17(201207:24:37 14/17/2012 10:03:24 : ¥ + DHR_gs(1A)
|Rough graphite sample = 1@ 405nm 11/17/2012 07:24:37 11/17/2012 09:23:44 ! ¥ DHR_g(1A)
 Very rough graphite 11/17/2012 07:24:37 11/17/2012 09:21:28
Rough graphite sample = 2 @ 658 nm 11/17/2012 07:24:37 11/17/2012 08:34:59
¥ Oxidized Allloy 11/17/2012 07:24:37 11/17/2012 08:27:43
B
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Fig. 54. The FITTING database window: the “Spectral DHR Splitting” tabbed page before splitting.
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Fig. 55. The FITTING database window: the “Spectral DHR Splitting” tabbed page after splitting:
left — tabbed page “Spectral DHRs”; right — tabbed page “Spectral Partial Reflectances”.
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When the BRDF fitting ends, all initial data, settings, and results are saved in the FITTING database as a
large text field called “Report”. Additional data are appended to its end when the SDHR ends. “Report” is
a read-only field (see Fig. 56) however one can make it editable if uncheck the checkbox Read Only.

Fitted BRDF - Measu
=
=0.
bt
-0.
~0.
=0.

0.0

T Sortby BROF Fitting Spectral DHR Spitting | Report
Bt DatasetName () Record Creation Time (+) Fitting Finish Time =%+ INCA333 v. 3.1 *** @ 2013 Virial International, LLC *** www.virial.com ***
Material Name Record Creation Time | Fitting Finish Time = | |Macerial Name: Oxidized Al alloy
| Oxidized rough Copper surface (metricL2) 12/09/2012 08:19:23 12/25/2012 07:37:01 Record Creation Time 11/17/2012 07:24:37
Almost specular black coating 11/17/2012 07:24:37 12/13/2012 13:58:27 Fitting Finish Time: 11/17/2012 08:27:43
| Oxidized rough Copper surface (metric C) 12/09/2012 07:44: 18 12/09/2012 07:43:34 Fitving Duracion: 00:03:13.328
3C BRDF model (metric C) 11/29/2012 08:12:48 11/29/201207:34:05 .
N === Fitting Results ===
|30 BRDF model+0.3% multipicative Gaussisn noise  11/18/2012 08:41:38 11/19/2012 06:16:06
3C BROF model+3% multiplcative Gaussian noise  11/18/2012 08:43:47 11/18/2012 09:21:59 e
Blackened rough stainless steel 11/17/201207:24:37 11/17/2012 11:52:26 Objective Function = 1.90522249607103
__|3C BROF model (metric L2) 11/17/2012 07:24:37 11/17/2012 10:03:24 Mumber of Restarta: 20
Rough graphite sample = 1@ 405nm 11/17/201207:24:37 11/17/2012 09:23:44 Restart Criteria:
 Very rough graphite 11/17/201207:24:37 11/17/2012 09:21:28 Stagnation Length: 0.25
|Rough graphite sample = 2 @658 nm 11/17/2012 08:34:59 Swarm Contraction: 0.0001
P Oxidized Al alloy 11/17/2012 08:27:43
--- Diffuse component:
Weight (K d) = 0.527069356553394
| |Partial Reflectance (R_d) = 0.245035626102662
--- GQuasi-Specular component:
Weight (K _gs) = 0
--- Glossy component:
Weight (K_g): 0.472930643446606
Parcial Reflectance (R g) = 0.889385117622814
=| |sigma_g = 0.220820662316735
Incidence Angle = 0°
Viewing Angle (°) Measured BRDE (1/sr) Fitted BRDF (1/sr)
-75.5172 0.043543482039 0.041122731948
-74,4828 0.044523666357 0.041129198857
-73.4483 0.045816542503 0.041138549200
-72.4138 0.046764719375 0.041151891411
= -71.3793 0.047974821087 0.041170689400
-70,3448 0.049138720160 0.041196852002
- | “« I > ] > | + ‘ - | a ‘ [ -69.3103 0.050209677203 0.041232837770
-68.2759 0.051428239782 0.041281775450
JjRecord 12 0f 12 -67.2414 0.054052193038 0.041347600892
ot -66.2069 0.055285774460 0.041435209701
BRDF is measured for 0.9 um for 500 K = -65.1724 0.056456254068 0.041550625402
Rough Graphite Sample # 2 @ 658 nm -64.1379 0.057883334447 0.041701180174
-63.1034 0.059202705136 0.041895707404
-62.0690 0.060914062449 0.042144741344
-61.0345 0.062210338629 0.042460721790
< ) 2] 1l
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2 Save ||

(- Save
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Copyright © 2012 Virial International, LLC

12/25/2012 08:18:58

Fig. 56. The tabbed page “Report” of the FITTING database window.

The Report can be saved in text file by clicking the Save button. Examples of such text files can be found

in the Data\Output\Fitting Reports folder.
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To open the MATERIALS database window, click MATERIALS button placed in the group “Databases”, in
the left panel of the main INCA333 window (Fig. 27). The window shown in Fig. 57 will appear.

E INCA333: MATERIALS Databasii

Sort by
Find by Material Name: ) Dale and Time
Material Name
P |very Rough Graphite
|Specular Biack Coating B
Rough Graphite Sample # 2 @ 658 nm

Material Name

| Dateand Time
12/23/2012 18:34:04
12/23/2012 15:33:59
12/23(2012 18:33:54

e —
.

—

|

3C BRDF Components

Diffuse
Weight:
= 0.50333955108

Quasi-Specular

r = Weight:
Rough Graphite Sampie # 18 405 nm 12/23/2012 19:33:47 £
Oxidized Al Alloy 12/23/2012 18:33:141 2.0
|Near-Lambertian Black Coating | 12/23/2012 19:33:32 Sigma_gs:
Laser Gold specuiar coating 12/23(2012 13:33:26 001
Lambertian Material; Reflectance = 0_1 @ 3 um 12/23/2012 19:33:21
Glossy Black Coating C (Sigma_g=0_2) 12/23/2012 19:33: 16 a
Glossy Black Coating 8 (Sigma_g =0_1) 12/23(2012 19:33: 10 PR
Glossy Black Coating A (Sigma_g=0_05) 12/23(2012 19:33:06 T
Diffuse-Glossy Coating 52 | 12/23/2012 19:32:59 -
Diffuse-Glossy Coating B1 12/23/2012 19:32:55 Sigma_g:
Diffuse-Glossy Coating A2 12/23(2012 19:32:51 0.49599850634
Diffuse-Glossy Coating A1 12232012 19:324 | _
[~ [ =T +T -T-T~-T:|
Record 1 of 21
Comments [ Ptz eror
Measurements were performed at 1000 K =
[2x  Potaemor |
| potoHr .18 |
[% PlotDHR vs. WL |
- — = (&% BRDF Model Builder
2 = L3 = 1
select | [ toadfrom=3 | [ saveas=ac | [By Clone £ Erase
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0.200 -~ s N e Rd
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o
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£
g 0.120 :
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o
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3 dese |
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Fig. 57. The MATERIALS database window.

The MATERIALS database can be opened also at the assigning of materials to the cavity surfaces (see
Section 11.2). In this instance, the button Select in the lower left panel will be enabled.

There are five ways to add new material to the MATERIALS database:
Exporting 3C model from the FITTING database (see Section 9).
Exporting 3C model from BRDF Model Builder (see Section 8).
Loading 3C model from binary *.3C file using Load from *.3C button.
Creating a copy of already existing record by clicking the Clone button and modifying some
parameters; cloning is especially convenient for parametric studies of BB radiation

1)
2)
3)
4)

5)

characteristics.
Entering all data manually.

The binary files of *.3C format can be created by the BRDF Model Builder and using Save as *.3C button
of the MATERIALS database itself. Files of this format are convenient for data exchange between
INCA333 programs working on different PCs. Manual data entering is less convenient and can be
recommended only for simplest 3C models, e.g., consisted of one component only.
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In order to make some partial changes in the Material record, one can create a copy of the existing
Material by clicking Clone button. The new material name will be requested:

—
New Material Name. S|

Enter Material Name:

[

Fig. 58. Request of new material name.

One can keep the name of original record for its copy; records will differs in dates of their creation.
Be careful when change data in the MATERIALS database manually: all the 3C BRDF model parameters

o and SPRs must be self-consistent, i.e. must not produce SDHRs greater than 1.

The SPRs contained in the right table can be saved in and load from text file using Save and Load
buttons, respectively. Examples of such files can be found in Data\Input\MATERIALS\SPR folder.

Purpose, functions, and operating modes of buttons Erase, Plot 2D BRDF, Plot 3D BRDF, Plot DHR vs. IA,

and Plot DHR vs. WL are no different from the corresponding buttons in BRDF Model Builder described
in Section 8.
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11. The DATASETS Database

11.1. Creating New Dataset

The DATASETS database stores all initial data for BB cavity modeling except data for cavity wall materials
which is stored in MATERIALS database. The DATASETS database is associated with the main INCA333
window (see Fig. 59) which consists of the left part with the table of datasets (and optional comments)
and the tabbed pages at right. We recommend to enter initial data in the same order in which the
tabbed pages are ordered.

Sart by VST e an es 3 Viewng Condiigns) 3 Warieleriaihe, 5
Find by Dataset Name: bsten Hame vz [ x
+) Date and Time
= = = 30-deg. cavity with specular diaphragm; 12/15/2011 15:45:12
I Dataset Hame Dateand Time | | 1547 I p I H I
| |Blackbody B 12/20/2012 9:20:47 AM :
| |Blackbody & 12/20/2012 8:50:49 AM 144
| short Isothermal Cavity 12/19/2012 6:25:57 AM !
|| Cold Norisothermal Biackbody 9/18/2012 2:06:35 PM 054+
| Aalloy cavity 1/13/2012 2:31: 10 PM :
| lOxidized Stainless Steel Cavity 12/16/2011 5:11:00 AM Y oo
L3 30-deg. cavity with specular diaphragm 12/15/2011 3:45: 12PM o5t
| 160-deg. Cavity without diaphragm 12/15/2011 2:48:42PM s
[ Short Near-diffuse Isothermal Cavity 12/15/2011 2:26:37PM s
|| Graphite Bisckbody at shout 1500 K 12/15/2011 6:16:01 AM i
| Cylinder with Diaphragm; 10% temperature increase 12/15/2011 6:01:27 AM | | = i ot ous I} i L
| |cyinder vith Dizphragm; 10% temperature decrease 12/14/2011 1:29:05PM 2 _1 o 1 P 3 B s s
z
Show in Separate Window
Bottom
Material
Name: | 3C BRDF Model
Indination Angle {%): 30 =
Record Creation Time: |12/23/2012 7:32:01 PM |[fsar_Assign
I S I S B N N | ST
fal
Record 7 of 12 : mzenagcmm =
e Radius: | Name: | o1 |
Dependence of Integrated Effective Emissivity on the distance between detector and cavity aperture - Length: 8 Record Creation Time: | 12/23/2012 7:32:01PM ||li=a_Assign
Diaphragm
Material
/| Baffied Cavity Name: |Laser Gold spaaiar coating
Aperture Radius: 0.75 Record Creation Time: | 12/23/2012 7:33:26 PM i1 Assign
[= compute | [ osorom =ics | [ ssvem=ice |[By cone | [Z Ermss | || [\ orawcaty | [ 4% acsionMaterislto Al surfaces | ||
|E RESULTS H ¢ MATERIALS ‘ ‘ﬁ FITTING H‘L‘, ERDF ModelBuider | [ about | 90  mat
Cavity bounds: -1, 732050808 <=2<=6.267949192; -1<=y<=1. Aperture Radius =0.75 12/25/2012 8:25:01 AM

Fig. 59. The DATASETS database window; the tabbed page “Cavity” is active.

To create new record (dataset), click Insert Record (+) button of the database navigator below the left
table. Enter the dataset name (up to 100 arbitrary symbols) then click Post Edit. Optional comments can
be entered at any stage of dataset creation or editing.

User can make a copy of existing dataset by clicking Clone. This possibility is convenient when only a part
of initial data should be modified.
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Entire dataset can be saved as binary *.ds file by clicking Save as *.ds and loaded from *.ds file by
clicking Load from *.ds. This possibility is provided for dataset exchanging between SPEEP323 copies
working on different PCs.

11.2. Defining Cavity

To define cavity geometry, enter the bottom inclination angle in degrees; radius and length of cylindrical
part, and aperture radius, if cavity has a diaphragm (see Fig. 60). If the cavity has no diaphragm, uncheck
Baffled Cavity checkbox; in this case, the aperture radius is equal to the radius of the cylindrical part.
When entering of cavity geometry is completed, click Draw Cavity button to draw scaled sections of the
cavity in YZ and XZ planes (Fig. 61).

!

Cylindrical Part Radius

| -

0 Aperture Radius Z
L Bottom Inclination Angle

—  e—

Cylindrical Part Length

Fig. 60. Cavity geometry.

Codd Monisothermal Blackbady: 09/ 18/2017 140639 Codd Monisothermal Blackhady; 09 18/2012 1406237

Fig. 61. Scaled drawing of a cavity in YZ and XZ planes
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To assign material to one surface, click Assign button for the bottom, cylindrical part, and diaphragm (if
any). The MATERIALS database window will be opened. Double-click the material selected, or select
material, then click Select button. The material chosen together with the date and time of this
material’s record creation will be entered into the appropriate fields. One can assign material to all
surfaces by clicking Assign Material to All Surfaces button.

11.3. Entering Temperature Distribution

INCA333 allows computing EE of isothermal and nonisothermal cavities. Open the tabbed page
“Temperatures” (Fig. 62) and choose Isothermal or Nonisothermal in the group “Cavity Surface” of
radio-buttons. If Nonisothermal is chosen, the reference Tref (K) and background Thg (K) temperatures
have to be entered. For the Isothermal case (Fig. 63), temperatures should not be entered; Ty is
supposed to be 0 K, and RT will not be computed.

Fig. 62. The tabbed page “Temperatures”:
the left screenshot shows positions of temperature points on the cavity generatrix;
the right screenshot shows the temperature distributions plot.

The next step consists of the input of points on the cavity generatrix in which temperatures will be
defined. INCA333 allows specifying the one-dimensional temperature distribution, i.e. cavity
temperature that varies along Z axis. Temperature of a diaphragm is supposed to be equal to the
temperature of the adjacent points of the cylindrical part. In order to provide self-consistent
representation of temperature distributions for cavities of various geometrical parameters, the uniform
coordinate &£ (Xi) is introduced. It coincides with the Z axis but passes from the deepest point of the

cavity, where £ =0, to the cylindrical part edge, where & =1. It is possible to enter Xi in the first column

of the table; the coordinate Z will be calculated automatically for the geometrical parameters of the
current cavity record and entered in the appropriate non-editable column of the table.

In parity of the manual entering, INCA333 offers several ways to enter points where temperature should
be specified.
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Fig. 63. The tabbed page “Temperatures” for an isothermal cavity.

To enter new temperature point, move the slider show in Fig. 64. Its movement is synchronized with the
movement of two red square markers in the cavity section drawing; values of Xi and Z are displayed in
the appropriate fields to the left of the table. After choosing suitable place of temperature point, click
Add Point button. New point will be entered into table and will appear as a small blue square on the
drawing. The green filled marker denotes the current record in the table.
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4 %) Date erd Tine
Dataset Hame | Date and Time
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Fig. 64. Interactive input of a new temperature point. The red arrow points the slider.
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Use Add Nodes button to employ all generatrix nodes as points where temperatures will be defined (see

Fig. 65).
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Fig. 65. Use of generatrix nodes as temperature points.

Load and Save buttons are intended for loading from and saving in text file the temperature distribution.
Fig. 66 presents an example of the content of such a file. Starting from the second line, the first column
represents Xi values, five other columns correspond to five temperature distributions. Other examples
can be found in Data\Input\DATASETS\TD folder.

PO~NOWNRLRNO

Xi

.00000000000000E+0000
.23472670000000E-0002
.72025723000000E-0001
.73311897000000E-0001
.46410161513775E-0001
.74162679000000E-0001
.27272727000000E-0001
.74003190000000E-0001
-00000000000000E+0000

RPRRRRPRRRR

T(K)

-49800000000000E+0003
-49950000000000E+0003
.50000000000000E+0003
-50050000000000E+0003
-50065000000000E+0003
-49700000000000E+0003
-49300000000000E+0003
.48800000000000E+0003
-48000000000000E+0003

Fig. 66. An example of text file which contains temperature distribution.
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The Erase button allows deleting multiple temperature points. The Erase Temperatures calls the window
analogous to that shown in Fig. 12 and allows erasing several or even all temperatures at once but keeps
temperature points unchanged.

Note that the temperature distributions composed for one cavity can be applied to other cavities, but
temperature points will be displaced.

11.4. Entering Viewing Conditions

INCA333 provides 3 types of different viewing conditions, but only one certain type can be used in one
run of a modeling code. However, one can use up to 201 combinations of geometrical parameters that
define the given type of viewing conditions.

Type of Viewing Conditions (Normal, Conical, and Integrated) can be chosen by clicking radio-buttons of
the group in the upper left part of the tabbed page “Viewing Conditions” (see Fig. 67).

Simultaneously with the switching radio-buttons, the table at the bottom of tabbed page changes
columns corresponding to geometrical parameters of selected Viewing Condition type. These
parameters are shown in the pictures (see Fig. 2) displayed in the top right part of the tabbed page.
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Fig. 67. The tabbed page “Viewing Conditions” of the DATASETS database window.
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Viewing Conditions parameters can be loaded from text file using the Load button (and saved in text file
using the Save button). Text file must contain the integer index of viewing conditions (0 is for Normal, 1
is for Conical, and 2 is for Integrated) in the first line, and viewing conditions parameters in next lines;
columns must have the same order as in the table for these viewing conditions. A fragment of such a file
is shown in Fig. 68. Other examples can be found in Data\Input\DATASETS\VC folder.

2 // 0 - Normal, 1 - Conical, 2 - Integrated

XD YD HD RD
0.0000 0.0000 0.0000 0.2500
0.0000 0.0000 0.1000 0.2500
0.0000 0.0000 0.2000 0.2500

0.0000 0.0000 38.0000 0.2500
0.0000 0.0000 40.0000 0.2500
0.0000 0.0000 42.0000 0.2500
0.0000 0.0000 44.0000 0.2500
0.0000 0.0000 46.0000 0.2500
0.0000 0.0000 48.0000 0.2500
0.0000 0.0000 50.0000 0.2500

Fig. 68. A fragment of text file, which contains parameters of Integrated VC.

Regular viewing conditions correspond to a case when one of the geometrical parameters defining
viewing conditions, changes incrementally, i.e., with constant step. After clicking the Regular button, the
window like that shown in Fig. 69 will appear.

E INCA333: Regular Conical viewing conditions l».:. (S - S
Warnables =F YF ZF Beta [*]
=<F Mir.:
” 0 | | o4 | [ |
o 2 Maw.:
M:
L | Eraze Existing Viewing Conditions | v, ak | | X Cancel
| Conical viewing conditions
I =

Fig. 69. Defining Regular Conical VC.

Using the switches Variables one can choose a parameter that will change incrementally, enter values of
constant parameters, then enter minimal and maximal values for the variable parameter, as well as the
number N of its values, then click OK. To add new viewing conditions parameters to those previously
entered into the table, uncheck the checkbox Erase Existing Viewing Conditions. In such a way one can
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change more than one parameter throughout the viewing condition parameters set. Manual entering is
an alternative for regular viewing conditions and also allows changing more than one geometrical
parameter in the table. However, it should be noted that the resulting graphs become in this case
useless because they show dependence only upon one variable.

11.5. Targeting

Click Targeting in the tabbed page “Viewing Conditions” (Fig. 67) to open the window shown in Fig. 70
that allows to perform initial (until first reflection) ray tracing in order to check the correctness of
defining the viewing conditions. The results of preliminary ray tracing are shown for two orthogonal
planes YZ and XZ (it is supposed that the coordinate system XYZ has the right-handed orientation, i.e., in
the left-hand screenshot in Fig. 70, the X axis is directed behind the plane of the graph).

= INcA333: Targm W@lﬂ_ﬁj = INca333: Targm

Yz Xz YZ Xz

===

Blackbody B; 12/20/2012 09:20:47
XF = 0.0000, YF = -0.1600, ZF = 7.0000, Beta = 8.0000°

Viewing Conditons #: | 1P %]  Number ofRaysTraced: 1000~ | 7 CopyGraph | [} Close

Blackbody B; 12/20/2012 09:20:47
XF = 0.0000, YF = -0.1600, ZF = 7.0000, Beta = 8.0000°

Viewing Conditions #: |

53] NumberofRaysTraced: 1000 | 7 copyGraph | |l close

Conical viewing conditions 41 viewing conditions

Conical viewing condtions

41 viewing conditions

Fig. 70. Targeting (initial ray tracing).

As soon as Targeting window is open, ray tracing for the first set of viewing condition parameters is
performed and displayed. By default, the number of rays traced is 1000. One can change this value on
100, 10,000, or 100,000. Ray tracing and drawing will start automatically. After changing the viewing
conditions number (i.e., number of a set for viewing conditions parameters) in the Viewing Conditions #
input field, ray tracing will be performed and redrawn automatically. If a traced ray is directed out of a
cavity aperture, ray tracing will be stopped, and blinking text “OUT OF CAVITY APERTURE” will appear
below the graph.
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11.6. Entering Wavelengths and Performing Spectral Interpolation

Since spectral reflectance of different materials assigned to different surfaces forming a cavity may be
defined over different sets of wavelengths, INCA333 uses interpolation and extrapolation of all spectral
data for the joint wavelength set ( i.e., wavelengths for which spectral effective emissivities and radiance
temperatures will be computed). These wavelengths have to be entered in the table on the tabbed page
“Wavelengths” (Fig. 71).
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Fig. 71. The tabbed page “Wavelengths”.

Wavelength can be entered manually, value-by-value, or loaded from (and saved in) text file using Load
(and Save) button. These files have simplest structure; several examples can be found in
Data\Input\DATASETS\WL folder.

Click Regular button to define the set of wavelengths uniformly distributed from minimal to maximal
value. In the window shown in Fig. 72, one can specify number of wavelengths or constant wavelength
step. After clicking OK, the equidistant wavelength set will replace the existing one if the checkbox Clear
Existing Wavelength Set is checked. Otherwise, it will be added to the existing wavelength set;
duplicated wavelength will be rejected.
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E INCA333: Regular Wavelength Set - ﬁ E INCA333: Regular Wavelength Set - &J
- — - —
Specify Specify
Mir. um}: | 7.5 *) Mumber of Wavelengths Murmber of Wavelergths: 25ﬁ| Min. (uraf: 7.5 Humber of ' avelengths Step inpm: {025
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D ataset: Blackbody &; created 12/20/2012 08:50:43 Dataset: Blackbody A; created 12/20/2012 08:50:43
= = — = —
Number of wavelengths is specified Wavelength step is specified

Fig. 72. Two cases of the regular wavelength set defining.

The Interpolate button can be used for visual evaluation of interpolation/extrapolation quality. INCA333
uses linear interpolation for calculation of spectral values between points extracted from the MATERIALS
database and holds the constant values outside the spectral range of data extracted from the
MATERIALS database. Fig. 73 illustrates interpolation and extrapolation rules used in INCA333.

Spectral Value @ Spectral values extracted from database
A @ ® Prescribed wavelengths
| DY o Interpolated/extrapolated spectral values
@
e
’ Lo ’
- ©---9@®! | | ' n N
| [ T | P L 2 ..
| [ I | A @ ———— R
| R | |‘w, e e ¢
| [ I I N L N | |
R R N R |
| Lo o |Qq. Lo |
| Lo L e, Do |
| I B T [ N B N i [ | I
| [ I I I : I ®-@ [ |

Wavelength

Fig. 73. Interpolation and extrapolation rules for spectral values used in INCA333.

After clicking Interpolate, both SPRs extracted from MATERIALS database and interpolated/extrapolated

values of R;, Ry, and R, will be plotted in the graph for each cavity surface (see Fig. 74). Surface

number can be changed using the input field Surface #.

It is recommended to check the quality of spectral interpolation/extrapolation before Monte Carlo
modeling to be ensured that spectral ranges of the joint wavelength set matches well those of data
extracted from database and that interpolated spectral dependences adequately reproduce all features
of dependences stored in the MATERIALS database.
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Blackbody A; 12/20/2012 08:50:49
Almost specular black paint; 12/23/2012 19:32:06

018 ; . . . . ¥ + R_d (Database)
: : ) : : ¥ - R_d (Interpalated)

0.16 ¥ * R_gs (Database)
w0141 ¥ = R_gs (Interpolated)
@ ¥ + R_g (Database)
E 0124 ¥ = R_g (Interpalated)
o
[ 0.1+4-
ki
2 008
o
£ 0.064
L
2 004

0.02

0 ; t t t t
8 9 10 1 12
Wavelength (pm)
Surface: |Bottom ;I| | ﬁ Edit Graph | | h'_ Save Data | | J‘j Copy Graph | | 3'_ Save Graph | | m Close
41 wavelengths in MATERIALS database 21 wavelengths in DATASETS database

Fig. 74. The Spectral Interpolation window.
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12. Monte Carlo Calculations

Now, when all the initial data are prepared, one can start MCRT calculations by clicking Compute.

If the dataset from contains materials which are absent in the MATERIALS database, INCA333 before
calculations will show the notification (Fig. 75) and cancel the Monte Carlo modeling. Another material
instead of absent one should be assigned.

INCA333 o I - e S

Record "Almost specular black paint” created 12/23/2012 19:32:06 not found

= —

Fig. 75. Notification about absence of the material in the MATERIALS database.

If checking test is passed, the window Compute will appear (Fig. 76, the upper screenshot). Enter the
number N of rays that will be traced. This parameter defines the random component of uncertainty for
EEs and RTs calculations. Due to stochastic character of the algorithm used in INCA333, the random

uncertainty of calculations varies in inverse proportion of \/W The choice of N to a great extent
depends on cavity blackness, i.e. deviation of effective emissivity from the unity. Probably, the best way
is to evaluate the required values of N from numerical experiments. We recommend to begin with N =
10,000. This also allows to evaluate the total time needed for final modeling. Usually, for modeling a
cavity with effective emissivity from 0.995 than 0.9999 for isothermal condition, N = 100,000 is enough
for any realistic temperature distribution.

Click Run to start the Monte Carlo modeling. It can be interrupted by clicking Stop at any time.

First, the initial data preprocessing will be performed, including spectral interpolation for the diffuse,
guasi-specular, and glossy SPRs for each surface forming the cavity. Then INCA333 will perform Monte
Carlo calculations successively, wavelength-by-wavelength and for each set of viewing conditions
parameters (see the second screenshot in Fig. 76).

If the checkbox Show Results after Completion is checked, the window Compute will be closed
automatically after successful modeling and the RESULTS database window will be opened. Otherwise, it
is necessary to close the Compute window by clicking Close (see the third screenshot in Fig. 76) then
RESULTS on the lower panel of the INCA333 main window in to browse results of calculations.
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INCA333: Monte Carlo Modelin —

Mumber of Rays:

Show Results
e after Completion

Before modeling

Wiewing Conditions:
Wavelength #:

Ray Tracng Progress:

3 Run | | ] Stop

11 wavelengths 9 temperature points 41 Mormal viewing conditions

Dataset Name: Graph\te Blackbody at about 1500 K; Created: 12/15/2011 06:16:01

Mumber of Rays: Preprocessing. .
Done.

Monte Carlo modeling started: 12/25/2012 10:01:49

0 Show Results

. . after Completion
Modeling in
progress WViewing Conditions: 4 of 41 ]
Wavelength #: 6of 11
Ray Tracng Progress:
|I 3 Run ] | ] Stop
11 wavelengths 9 temperature points 41 Mormal viewing conditions

Monte Carlo modeling started: 12/25/2012 10:01:49

Number of Rays: Monte Carlo modeling finished: 12/25/2012 10:09:56
Saving results in database...

100,000 _~| |oore.
Siart 25/2012 10:01:49

0 Show Results e

. . after Completion
Modeling is
completed Viewing Conditions: 41 of 41

Wavelength #: 110f 11

Ray Tracng Progress:

| 3 Run | | ] Stop

11 wavelengths 9 temperature points 41 Mormal viewing conditions

Fig. 76. Three stages of the MCRT calculations (the Compute window).
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13. The RESULTS Database

13.1. Viewing Results

The screenshot of the RESULTS database window is shown in Fig. 77. All fields in both tables are read-
only. After completing MCRT calculations, the text field “Comments” contains the copy of the similar
field from the DATASETS database. This field is editable; user can add some information after analysis of
results.

Sort by Remits | Report

Find by Hame: Dilggkianic {6 Mcln it Wavelength (um) | VC# | XB Y8 RB EET | EEtoniso RTHonisa (K)  »
T 15 un 0 22 005 095980007 0.998%823 19,7616
Dataset ame Dataset Creation Time | Hodeling Start Time | Modeling Finish Time | ». 152 o .18 .05 039933357 0.99508354 1499.7853
b |Graphite Biackbody at shout 1500K  12/15/2011 06:16:01 12/25/2012 10:01:%8 12/25/2012 10:09:55 | 15 0 FRTY 0.05 0.99082434 0.09215652 1992.8001
|anicized Starless Steel Cauty 12/16/2011 05:11:00 12/24£2012 08:39:28 12/242012 12:%6:25 5o [ 014 .05 0.80080453 0.99918841 1499.8122
|Cyinder with Disphragm; 10% temperaty 12/14f 9:05 12/24/201207:06:12 12/24/201207:06:28 15 15 [ 0.2 0.05 099979905 0.99828319 1499.8274
|Cyinder with Diaphragm; 10% temperatu 12/15/2011 05:01:27 12/24/201207:03:08 12/24/2012 07:03:22 15 15 o 0.1 .05 0.99982799 0.99536049 1499.8502
(Grapite Badbody at sbout 1500K  12/15/201106:16:01 12/24/2012 06:57:03 12/24/201207:02:17 15 0 [ 0.8 .05 099979570 0.9%3782 1499.8590
i Ishort Neardiffise Isothermal Cavity  1215/2011 14:26:37 12/24/2012 06:46:36 12/24/2012 06:55:15 E 15 18 0 .06 0.05 0.99980853 059548050 1499.8783
[60-deg. Cavity without diaphragm 12/15/2011 19:49:42 12/24/2012 08:36:41 12/24/2012 06:45:53 15 B [ 0.04 0.05 0.33982502 0.99857131 1499.5996
| oy caviry OIIEIZ LI AfPIZ0NTEST 1224012061895 15w o .02 a0 0.95978587 09950822 1493.9082
Cold Nonsothermal Biackbody 09/18/2012 14:08:39 12/242012 05:38:00 12/242012 0546135 152 o a .05 0.98981115 0.99888204 1499.9279
short Tsothermal Caity 12/18/2012 06:25:57 122402012 04:27:16 12/24/2012 0410155 15 @ o 002 .05 000979824 0.90874426 1499.9401
30-deg, cavity with specuiar diachragn  12/15/2011 15:45:12 12242012 01:43:43 12/24/201202:17:28 d 15 3 [ 0.04 .05 089979661 0.998805%6 1499.9544
" [Blackbady A 12/20/2012 08:50:49 12/232012 21:5404 12/23/2012 22: 16153 15 0 0.06 .05 0.99979058 0.99587310 1499.9703
[Biackbody B 12/20/2012 09:20:47 12/23/2012 21:24:26 12/23/2012 20:53:19 15 % [ 0.08 0.05 029979850 0.99594297 1499.9866
I 15 % o o1 .05 093980145 1,00000411 15000010
L5 @ [ .12 .05 055973057 1,00005575 1500.0131
] o 04 005 0.95977083 100011410 1500,0267
15 W o 018 a.0s 0.0ea78512 10001784 1500.0414
15 2 o 0.1 0.05 088979254 100026383 1500.0618
15 3 o 0.2 .05 0.99976367 100029972 15000702
15 = o 0z 0.05 0.99977145 100036693 1500.0859
15 @ o 0.24 .08 0.99978715 1,00044345 1500, 1052
= 15 M [ 0.2 .05 0.33980000 1,00052085 1500, 1220
= = = = = 15 35 [ 0.2 0.05 093975743 1.00054778 1500. 1283
15 % o 0.3 0.05 0.38376463 100051312 1500. 1436
Record 1013 15 37 0 032 a0s 0.89878041 100062167 1500.1613
Comments:. - VE— 15 B [ 034 0.05 0.99875252 1,00072049 1500.1708
Distribution of Local Normal Effectve Emisshity across the aperture n vertical plane; case of viewing beam of fiite radius - 15 3. P 0.36 .05 0.99974528 1,00078505 1500,1838 [—
15 W [ 0.3 .05 0.99977570 1,00087407 1500.2046 | =
» 15 % o 0.4 a.0s 0.99977038 1.00093134 1500.2180 _
H | 3 i \
~ | |Record 451 of 451
T | & romw | [E e ] [& e
T4 Close
Hormal visning conditions number of Wavelsngthe: 11 ranisothermal Cavity Hhmber of Viewng Conditons: 41 Nunber of Rays Traced: 100,000 12(25/2012 10: 1144

Fig. 77. The RESULTS database window.

Columns of the table on the tabbed page “Results” present: the wavelength (in um); viewing conditions
number (VC #); viewing conditions parameters in the next columns; effective emissivity for the
isothermal case (EEIso), then — the EE and RT (in K) for the nonisothermal cavity. Clicking Save allows to
save all results of calculations in the text file (for instance, to import them into MS Excel or some other
software for further processing). Examples of such text files can be found in the folder
Data\OUTPUT\Results.
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13.2. Plotting Graphs

The buttons Plot vs. WL and Plot vs. VC open windows where EEs and RTs are plotted against
wavelength (Fig. 78) and against variable parameter of viewing conditions (Fig. 79), respectively.

In the first case, to plot these dependences for different viewing conditions, change viewing conditions
number in the input field Viewing Conditions #. In the second case, select the variable parameter using
drop-down list Viewing Conditions Variable Parameter (if it should be changed). To plot dependences of
monochromatic EEs and RTs on the viewing condition parameter for different wavelengths, change
wavelength number in the field Wavelength #.

T — = = m = va— — = &
e e = M e—m—m——n e =
i Radiance Terpersnee I | [ e Radince Tewersnre
Oxidized Stainless Steel Cavity; 12/16/2011 05:11:00 H Oxidized Stainless Steel Cavity; 12/16/2011 05:11:00
XF = 0.0000; YF = 0.0000; ZF = 1.0000; w (°) = 10.0000 XF = 0.0000; YF = 0.0000; ZF = 1.0000; w () = 10.0000
L S P e ¢ ¥ # Isothermal 799.87
0,999 i | [¥_= monisothermal 70086
H H H : 799.85
NOtEs s § aeer e Bt
] L g 79983
z ® 70082
% 0.8975 - ERE
T ooswf % i
i 799.79
2 osees}i =
i B 799.78
E 0.096 4 5 70077
5 o
0.8985 <o ey
0995 799.74
: 790.73 Rigsse s Sty
g4 |- 798.72 |
05 1 15 2 3 35 0.5 i 15 2 25 3 35
Wavelength (ym) Wavelength (jm)
Viewing Cendions % | [tz edtampn | [ 8 savepsts | [ copyGaph | |2 smeGoh | (G come | Viewing Conditons #: [ | [tz edtarmpn | [ 2 sevensts | [ copyaph | [ & smeseh | [ oo |
|| Conveat viewng condisons Humber of Viewng Conditions: 21 i [l onca iewng concinons Humber of Viewng Conditions: 21 J

Fig. 78. Plots of spectral effective emissivities and radiance temperatures against wavelength.
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Wavelength = 0.5000 pm
0.9995 3= e 799.87 =
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Fig. 79. Plots of monochromatic effective emissivity and radiance temperature
against the variable parameter of viewing conditions.
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13.3. MCRT Calculation Report

The tabbed page “Report” contains the report on MCRT calculations. It consists of initial data together
with results of modeling (see Fig. 80). To edit the report, uncheck the Read Only checkbox.

_ Sort by | Resits | Report
Flnd by e | | ) Dataset Name (%) Madelng Start Tme wsasws INCA333 v. 3.1 **** Copyright ® 2013 Virisl International, LIC *++4* 7
INITIAL DATA
Dataset Name Dataset Creation Time | Modeling Start Time | Modeling Finish Time | » || Datases Name: Oxidized Stainless Stesl Cavicy
|Graphite Biadiady at sbout 100K 12/15/2011.0616:01 12/25/2012 10:01:48 12/25/2012 10:09:56 Dataset Creation Time: 12/16/2011 05:11:00
i I} L1 ):39:¢ £ |
itized Stailess Steel Cavty 12/16/2011 05:11:00 IS N2 125633 e e
irder with Diaphragm; 10% temperatu 12/14/2011 13:2:05 12/24/2012 07:06:12 12/24/2012 07:08:29 S Todeitay pase, fadtnas P
incer with Diaphragm; 10% temperatu 1/15/201106:01:27  1224/20120%03:05 12/24/201207:03:22 R 5.00000000
aphite Biackbody at sbout 1500K  12{15/201106:16:01 12/24/2012 06:57:03 12/24/2012 07:02:17 Bottom inclination angle (°): 50.0000
|ShortNeardiffuse Isothermal Caty  12/I5/2011 1426:37  1ZRY201206:46:36 120242012 06:55:15 Aperture redius: 0.50000000
|6a-den, Cavity without diaphragm 12/15/2011 13:98:92 12/24/2012 06:36:41 12/24/2012 06:45:53 E
PR /132012 1431:10 RARIZ0SST 1240120618145 Material of bottem: Blackened Reugh Stainless Steel; 12/23/2012 18:32:11
id Noniothermal Biackbody 00/18/2012 14:06:38 12J401205:38:00 122472012 05:46:3% Material of cylindrical part: Blackened Rough Stainless Steel; 12/23/2012 18:32:11

Shwort anthernl Cantty 121192012 06:28:57 PPt 04718 1242012 00a0i88 Material of disphragm: Blackened Rough Stainless Steel: 12/23/2012 18:32:11

deg, cavity with specuiar disghragm  12/15/2011 15:45:12 13/24/201201:43:43 L4N120217:28

T ref (K): 800.0000

|Blackbady & 12{20/2012 08:50:49 12/23/2012 21:54:04 12/23/2012 22:16:53 It bz (®): 300.0000

| |BackbodyB 12/20/2012 09:20:47 12/23/2012 21:24:26 12/23/2012 21:53:19 Wumber of temperature points: &
xi z T (K}
0.000000 -1.732051 799.000000
0.114148 -0.818868 798.700000
0.216906 0.003186 800.000000
0.392444 1.007489 B0D.300000
0.433013 1.732051 802.000000
0.530112 2.388842 780.000000
0.g38015 4.970273 750.000000
1.000000 £.267349 700.000000

= = = = e Conical viewing conditions; Parameters: XF YF 2F  w (°)

0.00000000 0.00000000 1.00000000 10.00000000
IRecord 2 0f 13 | 0.00000000 0.00000000 1.50000000 10.00000000
Comments | 0.00000000 0.00000000 2.00000000  10.00000000
| Dependence of Corical Effective Emissvities on the focal pont position i 2'3000“05 g.aooaooac 2'50000039 ig.omooooo
0.00000000 0.00000000 3.50000000  10.00000000
0.00000000 0.00000000 4.00000000 10.00000000
0. Q. 4. 10.

=4l | e 3

Erase [¥] Read Oriy = s

Conical viewing conditions Number of Wavelengths: 31 Nanisothermal Cavity Humber of Viewing Conditions: 21 Hymer of Rays Traced: 1,000,000
e ——

Fig. 80. MCRT calculations report.

Report can be saved as a separate text file by clicking Save button below the Report. Multiple examples
of report files can be found in the Data\Output\RESULTS\Reports folder.
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15. Appendix. INCA333 Software License Agreement

License

1. Under this Software License Agreement (the "Agreement"), Virial International, LLC (the "Vendor")
grants to the user (the "Licensee") a non-exclusive and non-transferable license (the "License") to use
INCA333 (the "Software").

2. "Software" includes the executable computer programs, related electronic documentation and any
other files that accompany the product.

3. Title, copyright, intellectual property rights and distribution rights of the Software remain exclusively
with the Vendor. Intellectual property rights include the look and feel of the Software. This Agreement
constitutes a license for use only and is not in any way a transfer of ownership rights to the Software.

4. The Software may be loaded onto no more than three computers. A single copy may be made for
backup purposes only.

5. The rights and obligations of this Agreement are personal rights granted to the Licensee only. The
Licensee may not transfer or assign any of the rights or obligations granted under this Agreement to any
other person or legal entity. The Licensee may not make available the Software for use by one or more
third parties.

6. The Software may not be modified, reverse-engineered, or de-compiled in any manner through
current or future available technologies.

7. Failure to comply with any of the terms under the License section will be considered a material breach
of this Agreement.

License Fee

8. The original purchase price paid by the Licensee will constitute the entire license fee and is the full
consideration for this Agreement.

Limitation of Liability

9. The Software is provided by the Vendor and accepted by the Licensee "as is". Liability of the Vendor
will be limited to a maximum of the original purchase price of the Software. The Vendor will not be liable
for any general, special, incidental or consequential damages including, but not limited to, loss of
production, loss of profits, loss of revenue, loss of data, or any other business or economic disadvantage
suffered by the Licensee arising out of the use or failure to use the Software.
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10. The Vendor makes no warranty expressed or implied regarding the fitness of the Software for a
particular purpose or that the Software will be suitable or appropriate for the specific requirements of
the Licensee.

11. The Vendor does not warrant that use of the Software will be uninterrupted or error-free. The

Licensee accepts that software in general is prone to bugs and flaws within an acceptable level as
determined in the industry.

Warrants and Representations

12. The Vendor warrants and represents that it is the copyright holder of the Software. The Vendor
warrants and represents that granting the license to use this Software is not in violation of any other
agreement, copyright or applicable statute.

Acceptance

13. All terms, conditions and obligations of this Agreement will be deemed to be accepted by the
Licensee ("Acceptance") on installation of the Software.

Term

14. The term of this Agreement will begin on Acceptance and is perpetual.

Termination

15. This Agreement will be terminated and the License forfeited where the Licensee has failed to comply
with any of the terms of this Agreement or is in breach of this Agreement. On termination of this
Agreement for any reason, the Licensee will promptly destroy the Software or return the Software to the
Vendor.

Force Majeure
16. The Vendor will be free of liability to the Licensee where the Vendor is prevented from executing its
obligations under this Agreement in whole or in part due to Force Majeure, such as earthquake,

typhoon, flood, fire, and war or any other unforeseen and uncontrollable event where the Vendor has
taken any and all appropriate action to mitigate such an event.

Governing Law
17. The Parties to this Agreement submit to the jurisdiction of the courts of the State of Maryland for the

enforcement of this Agreement or any arbitration award or decision arising from this Agreement. This
Agreement will be enforced or construed according to the laws of the State of Maryland.
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Miscellaneous
18. This Agreement can only be modified in writing signed by both the Vendor and the Licensee.

19. This Agreement does not create or imply any relationship in agency or partnership between the
Vendor and the Licensee.

20. Headings are inserted for the convenience of the parties only and are not to be considered when
interpreting this Agreement. Words in the singular mean and include the plural and vice versa. Words in
the masculine gender include the feminine gender and vice versa. Words in the neuter gender include
the masculine gender and the feminine gender and vice versa.

21. If any term, covenant, condition or provision of this Agreement is held by a court of competent
jurisdiction to be invalid, void or unenforceable, it is the parties' intent that such provision be reduced in
scope by the court only to the extent deemed necessary by that court to render the provision
reasonable and enforceable and the remainder of the provisions of this Agreement will in no way be
affected, impaired or invalidated as a result.

22. This Agreement contains the entire agreement between the parties. All understandings have been
included in this Agreement. Representations which may have been made by any party to this Agreement
may in some way be inconsistent with this final written Agreement. All such statements are declared to
be of no value in this Agreement. Only the written terms of this Agreement will bind the parties.

23. This Agreement and the terms and conditions contained in this Agreement apply to and are binding
upon the Vendor's successors and assigns.

Notices

24. All notices to the Vendor under this Agreement are to be provided at the following address:
Virial International, LLC

538 Palmspring Dr.,

Gaithersburg, MD 20878-2972
USA
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